Plasmonic photocatalysis has recently facilitated the rapid progress in enhancing photocatalytic efficiency under visible light irradiation, increasing the prospect of using sunlight for environmental and energy applications such as wastewater treatment, water splitting and carbon dioxide reduction. Plasmonic photocatalysis makes use of noble metal nanoparticles dispersed into semiconductor photocatalysts and possesses two prominent features-a Schottky junction and localized surface plasmonic resonance (LSPR). The former is of benefit to charge separation and transfer whereas the latter contributes to the strong absorption of visible light and the excitation of active charge carriers. This article aims to provide a systematic study of the fundamental physical mechanisms of plasmonic photocatalysis and to rationalize many experimental observations. In particular, we show that LSPR could boost the generation of electrons and holes in semiconductor photocatalysts through two different effects-the LSPR sensitization effect and the LSPR-powered bandgap breaking effect. By classifying the plasmonic photocatalytic systems in terms of their contact form and irradiation state, we show that the enhancement effects on different properties of photocatalysis can be well-explained and systematized. Moreover, we identify popular material systems of plasmonic photocatalysis that have shown excellent performance and elucidate their key features in the context of our proposed mechanisms and classifications.
Introduction
Photocatalysis, in the main, utilizes semiconductors to absorb photons to create active electrons and holes, which can then initiate the reduction and/or oxidation of chemicals [1, 2] . It is found to be useful for a wide range of applications such as wastewater treatment, air purification, water splitting, CO 2 reduction, disinfection and self-cleaning surfaces [3] [4] [5] [6] [7] . Although there has been much progress in research, largescale applications in the environmental and energy industries are still rare [8] . Among many of the difficulties, two major ones are the low photocatalytic efficiency and the lack of satisfactory visible-light-responsive photocatalytic materials [2, 9] . The former is mainly due to the recombination of excited electrons and holes. When the photons are absorbed inside the semiconductor photocatalyst, the excited electrons and holes need to migrate to the surface before they can initiate redox reactions. In a homogeneous semiconductor, the migration is a random walk and thus the excited electrons and holes have plenty of chance to recombine, causing low photocatalytic efficiency. The latter difficulty is that many high-performance photocatalytic materials like TiO 2 and ZnO have large bandgaps and only absorb the light in the near ultraviolet (UV) region (wavelength <400 nm) while most of the low-bandgap photocatalysts like CdS and Fe 2 O 3 do not maintain photoactivity over a long time. For large-bandgap materials, the use of UV light requires artificial light sources and consumes electricity, making it less attractive when energy supply and cost become a big concern. The need to use sunlight more efficiently has sparked increasing research interest in visible-light photocatalysis. Plasmonic photocatalysis has recently come into focus as a very promising technology for high-performance photocatalysis [9] [10] [11] [12] [13] [14] [15] . It involves dispersal of noble metal nanoparticles (mostly Au and Ag, in the sizes of tens to hundreds of nanometers) into semiconductor photocatalysts and obtains drastic enhancement of photoreactivity under the irradiation of UV and a broad range of visible light. The use of noble metal nanoparticles brings many benefits to photocatalysis, the major ones are shown in figure 1 and will be expanded upon in section 3.
Compared with the common semiconductor photocatalysis, plasmonic photocatalysis possesses two distinct features-a Schottky junction and localized surface plasmon resonance (LSPR); each benefits photocatalysis differently. For instance, the Schottky junction results from the contact of the noble metal and the semiconductor. It builds up an internal electric field in a region (the space-charge region) inside the photocatalyst part but close to the metal/semiconductor interface. This would force the electrons and holes to move in different directions once they are created inside or near the Schottky junction [11] . In addition, the metal part provides a fast lane for charge transfer [16] and its surface acts as a charge-trap center to host more active sites for photoreactions. The Schottky junction and the fast-lane charge transfer work together to suppress the electron-hole recombination.
The more prominent feature of plasmonic photocatalysis is the LSPR, which represents the strong oscillation of the metal's free electrons in phase with the varying electric field of the incident light [17, 18] . This brings several significant benefits to the photocatalysis (see figure 1) . First, the resonance wavelength for Au and Ag nanoparticles can be tailored to fall in the visible range or the near-UV range, depending on the size, the shape and the surrounding environment [19] . If in the visible range, it renders a visiblelight response to the large-bandgap photocatalysts (e.g., TiO 2 ). Second, the LSPR can drastically enhance the visible-light absorption of the low-bandgap photocatalysts (e.g., Fe 2 O 3 ) [20] and the UV absorption of the large-bandgap materials [10] , which is very useful for weakly absorbing materials. Third, the strong absorption causes most of the incident light to be absorbed in a thin layer (∼10 nm) under the surface and thus there is only a short distance between the photoexcited electrons and/or holes and the surface, making it comparable to the minority carrier diffusion length (∼10 nm) [14, 20, 21] . This is beneficial to materials presenting poor electron transport. Lastly, the LSPR creates an intensive local electric field, which favors the photocatalytic reactions in several ways. For instance, it powers the excitation of more electrons and holes [22] [23] [24] [25] [26] , heats up the surrounding environment to increase the redox reaction rate and the mass transfer [27] [28] [29] and polarizes the nonpolar molecules for better adsorption [28] . It should be noted that the beneficial effects of plasmonic photocatalysis listed in figure 1 are not exhaustive, they are just some of the major ones that have been identified and verified. Other effects such as the catalytic effect of the noble metal itself (e.g. Pt on hydrogen evolution) and the quantum tunneling effect [21] may also contribute and new effects may be utilized or found in the future. On the other hand, each effect has some requirements and we may not expect all of them to be effective in one experiment. In certain circumstances, some effects could be detrimental. For instance, the noble metal nanoparticles embedded deep in the semiconductor photocatalyst have no contact with the solution and could act as a charge recombination center to lower photocatalytic efficiency.
Plasmonic photocatalysis

Objectives
This article aims primarily to unravel the major mechanisms in plasmonic photocatalysis and to provide physical explanations accordingly. To put the mechanisms in their proper context, we will classify the contact forms and the irradiation states of the plasmonic photocatalytic systems and then find out which mechanism is dominant under which conditions. With these, we will examine the major physical explanations in the literature and attempt to solve some contradictions, confusions and ambiguities among them.
The objective also includes an introduction to the LSPR from the photocatalysis' point of view. We will pick up those LSPR properties that are closely related to the photocatalytic performance such as the optical response of single nanoparticles, the influences of the nanoparticle shape and the local environment and the plasmonic coupling of nanoparticle ensembles. This gives a basis for the physical explanations of the major mechanisms in plasmonic photocatalysis.
Another aim of the paper is to survey the state of the art of plasmonic photocatalysis, focusing mainly on various material systems that have shown superior photocatalytic performance. The material systems will be mainly grouped based on the structure of the metal and photocatalyst, e.g. nanoparticles in the sole-metal form, nanocomposites in the embedded form, nanocomposites in the encapsulated form and nanocomposites in the isolated form. The reported performance can be used to examine the usefulness of our physical explanations.
Basic concepts and definitions
The term 'plasmonic' in plasmonic photocatalysis refers mainly to the LSPR and the induced effects. Although the Schottky junction is not a plasmonic effect or a resonant effect, it is a natural result of the contact of the noble metal nanoparticles with the semiconductor photocatalysts and can be regarded as an intrinsic feature of plasmonic photocatalysis. For the noble metals, Au and Ag are the most popular materials used for plasmonic photocatalysis because their nanoparticles can be tailored to absorb visible light efficiently [29] [30] [31] . Other noble metals such as Pt, Pd and Rh have also been investigated but are not very common [13, 25] . Without loss of generality, Au and Ag are taken as the noble metals in the discussion below, unless otherwise specified.
One of the main driving forces for plasmonic photocatalysis is to make TiO 2 highly photoreactive under visible light (and more preferably, sunlight directly). Since the pioneering work of Fujishima and Honda in the 1970s [32] , TiO 2 has shown superior performance in terms of stability, cost effectiveness, natural abundance, non-toxicity and photoactivity (unfortunately, only under near-UV light) [4, 33] . Sensitizing TiO 2 to visible light presents itself as a direct technical route as opposed to finding low-bandgap photocatalytic materials that have comparable performance with TiO 2 in all other aspects [2] . This is why in many cases in the discussion below we will use TiO 2 as the photocatalyst. If necessary, other low-bandgap photocatalysts will be mentioned too.
In this article, we limit ourselves to the photophysics inside or on the surface of the noble metal nanoparticles and the photocatalysts (e.g. generation and transfer of the electrons and holes) and avoid discussing photochemical reactions such as the interaction of active electrons and holes with the redox groups in the solution, unless really necessary. The photochemistry has already been extensively studied [3, 34] and we do not find any significant uniqueness of plasmonic photocatalysis in this aspect.
The material systems for plasmonic photocatalysis have various structures (or contact forms, see figure 19 ), which are essential for the operation and the resultant photocatalytic performance. Here we attempt to define a naming system to reflect the structural features. It is noted that Wang et al recently proposed a very useful naming system [8] . We try to simplify it and to follow the conventions in the literature as much as possible. In most cases of plasmonic photocatalysis, the noble metal takes the form of nanoparticles; the semiconductor photocatalyst could be a particle or thin film. The particle type has a large specific surface area and the thin film type has good electron transport-each excels in different photocatalytic applications. Such a difference is taken into account in our naming system. The symbols are: -M/S, which represents the noble metal nanoparticle M on the surface of the semiconductor particle S (may not be nanosized). M may be partially buried into S but part of its surface remains exposed to the surrounding environment (e.g., the solution). Here '/' indicates a surface contact. This corresponds to many plasmonic photocatalytic material systems in the embedded form (see section 4.2.1). For instance, Au/TiO 2 represents Au nanoparticles on the TiO 2 particles. -M-S, which represents the noble metal nanoparticle M on a thin film of S. Here ' -' indicates a flat thin film surface. This corresponds to many other material systems in the embedded form (see section 4.2.1). -M(S, which represents the noble metal nanoparticle M fully covered by S. Therefore, M has no direct exposure to the surrounding environment. Here '(' indicates an encapsulation. This corresponds to the encapsulated form of the material systems (see section 4.2.1). -M@S, which represents the core@shell structure, with M being the core and S the shell. Here '@' signifies a core@shell form and S can be a semiconductor or insulator. For instance, Ag@SiO 2 indicates that the Ag nanoparticle is surrounded by a SiO 2 shell. In plasmonic photocatalysis, it is still rare to see the semiconductor core in the metal shell. S@M is not favorable since the semiconductor is shaded from the light and the solution by the metal. It is noted that M@S is different from M(S by the formation of S, which takes the form of a thin shell in M@S but a substrate-like support in M(S.
These symbols are used very often in sections 3 and 4, which deal with different materials and different contact forms.
Development of plasmonic photocatalysis
Plasmonic photocatalysis is a relatively recent technology. Early studies using the LSPR to enhance the semiconductor photocatalysis can be found in the work of Kamat's group [35] [36] [37] and others [38] [39] [40] . The term 'plasmonic photocatalysis' was coined by Awazu et al in 2008 [10] . This work demonstrated the usefulness of the LSPR for photocatalysis which immediately sparked a surge of research into plasmonic photocatalysis. Generally speaking, several research targets have been pursued at the same time. Some aim to render TiO 2 responsive to visible light [37, 38, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] or to enhance the photocatalytic efficiency of visibly-responsive photocatalysts [20, 39, 40, 45, 46, 55] ; some focus on studying the enhancement mechanisms and the influences of nanoparticle properties [14, 28-31, 38, 41, 48, 51, 52, 56-69] ; and some others attempt to expand the applications of plasmonic photocatalysis to water splitting [30, 48, [66] [67] [68] , CO 2 reduction [49, 69, 70] , bacteria destruction [39, 59] , etc. There is still rapid progress being made in this field. When we started to work on this review, there were no other review articles available. Just recently, a number of them were published [9, 13, 14, 70] focusing on more specific areas; this paper is made distinct by providing a systematic study of the physical mechanisms and a general review on material systems.
Interaction of light and noble metal nanoparticles
The optical response of the noble metal nanoparticles has been well understood thanks to intensive research in the LSPR. Many books and review articles have extensively described the formulations, principles and various important applications [17, 18, 23, 24, [71] [72] [73] [74] [75] [76] . For simplicity and conciseness, here we attempt to pick up the issues that are closely related to plasmonic photocatalysis and then give a brief description.
Optical response of single spherical nanoparticles
In plasmonic photocatalysis various shapes, such as spherical, triangular, nanoshell, prism-like etc., of noble metal nanoparticles have been used. The nanosphere has the simplest shape and most importantly, it produces strict analytical solutions in response to an electromagnetic field. In addition, many of its features such as dipole behavior and enhanced local electric field are retained in the nanoparticles of other shapes.
Fundamentally, the interaction of the nanoparticles with the incident light can be described by solving the Maxell equations with proper boundary conditions. For a single spherical particle, Mie theory provides a rigorous description of the electrodynamic response [23, 24] . For nanoscale particles that have the size a λ, a much simpler analytical treatment can be adopted. The condition a λ is called the quasi-static approximation. Under this condition, the phase change over the volume of the nanoparticle is negligible, and thus the spatial distribution of the electric field is simply the particle response to an electrostatic field (see figure 2) . The harmonic time dependence can then be added to the solution once the electric field distributions are known [17] . It is noted that the quasi-static approximation is valid up to about 100 nm. 2.1.1. Polarizability and local electric field. Now consider a homogeneous spherical nanoparticle under the irradiation of plane-wave light (see figure 2(a) ). The sphere has a diameter a and a wavelength dependent complex dielectric constant ε(ω), here ω is the angular frequency. The sphere is surrounded by a homogenous, infinitely large, non-absorbing and nonmagnetic medium with the dielectric constant ε m . The electric field of the light is E = E 0 exp{−ωt}x, here E 0 is a constant,x the unit vector of the x direction and t the time interval. Conceptually, the conduction electrons in the nanosphere are displaced by the external electric field to create a negative charge center on one end and a positive charge center on the other end, forming a dipole (see figure 2(b) ). If ω is not very high, the dipole can oscillate fast enough to follow the phase of E. It is easy to imagine that to the first order the dipole moment p is linearly proportional to E, as given by
here α is the static polarizability of the sphere. Outside of the sphere, the dipole generates an electric field and superimposes on the incoming E. This simple physical picture is correct as long as the quasistatic approximation condition is met. The polarizability is related to the other parameters by
here ε 0 is the permittivity of a vacuum. Detailed derivations can be found in [17, 19, 24] . Many of the fascinating properties of the LSPR lie in the denominator of equation (2.2) . Under the condition of small or slow-varying Im[ε], the denominator reaches a minimum at
This is where the enhancement of absorption, scattering and local electric field comes from. Equation (2.3) also indicates that the resonant frequency is strongly dependent on the surrounding environment (to be discussed in the next section).
Outside of the sphere, the electric field at r = rn can be expressed as
where r is the distance to the sphere center andn is the unit direction vector.
On the right side of equation (2.4) , the first term is the incident light and the second term represents the radiation of the point dipole p. This matches the conceptual picture as stated above. The term 1/r 3 shows that the dipole contribution goes down quickly when moving away from the sphere and thus the enhancement of electric field is limited to the close vicinity of the spherical surface (usually a few nanometers).
Plasmonic resonance frequency.
The absorption wavelength in the visible range is one of the most attractive features of plasmonic photocatalysis. For this reason, we will derive the resonance frequency. Based on the Drude model, the dielectric function ε(ω) of the metals can be expressed as [17] ,
here ε 1 and ε 2 are the real part and the imaginary part of ε, respectively; τ is the relaxation time of the free electron and γ = 1/τ is the intraband damping frequency. ω p is the plasma frequency of the bulky metal as given by ω p = n e e 2 /ε 0 m, with n e being the number density of electrons, e the electric charge, and m * the effective mass of the electron. Table 1 lists the parameters of common noble metals. It is seen that ω p is in the deep ultraviolet range and τ is of the order of 100 fs.
From equation (2.3), the resonant frequency ω LSPR can be determined to be
The approximation is valid since it can be seen from for common surrounding dielectric materials in photocatalysis (e.g. vacuum, water, TiO 2 ). It is observed from equation (2.6) that the resonant wavelength is red-shifted if the surrounding medium has a higher dielectric constant (∼100 nm per refractive index change [78] ). For example, Au nanoparticles surrounded by vacuum, water (ε m ≈ 1.78 at room temperature [79] ) and TiO 2 (ε m ≈ 9.00 for rutile and parallel to the optical axis [80] ) have ω LPSR = 0.238 µm, 0.294 µm and 0.6 µm, respectively.
The resonant wavelength is shifted from ultraviolet to red. For silver particles, the relationship is similar. It should be mentioned that the estimation given by equation (2.6) is not accurate for noble metal nanoparticles when the light wavelength is below 1 µm, though the predicted trend is qualitatively correct. This is because the Drude model does not consider the interband transition and the quasi-static approximation excludes the existence of multipoles [17] . Besides, it does not consider the size of the nanoparticles. In fact, the resonant wavelength is redshifted when the nanoparticle size goes up. Figure 3 (a) plots the resonant wavelength with the change of the Au nanosphere size calculated using the more accurate discrete dipole approximation method [81] . The resonant wavelength goes from 520 to 540 nm when the size is increased from 20 to 80 nm.
Absorption, scattering and extinction.
The crosssections for absorption C abs and scattering C sca can be calculated via the Poynting vector [17, 23] . Then, the extinction cross-section C ext can be obtained by summing up C abs and C sca , as expressed by
7a)
7b)
where k = 2π/λ is the wavenumber, V is the volume of sphere and c is the speed of light in a vacuum. Similarly, at the resonance frequency that satisfies ε 1 = −2ε m , the cross-sections are enhanced. It is seen from equations (2.7a) and (2.7b) that C abs scales with a 3 whereas C sca scales with a 6 . For nanoparticles with a λ, C sca is much smaller than C abs and has negligible contribution. This means in photocatalysis using small noble metal particles, the radiation of one nanoparticle cannot efficiently convey the energy to other nanoparticles that are out of its local region, and thus the far-field coupling of nanoparticles can be neglected. However, for large particles with a comparable to or larger than λ, the scattering becomes significant. Figure 3 (b) exemplifies the quantitative relationship of the ratio C sca /C abs with the Au nanosphere size [81] . Below 50 nm, C sca /C abs < 0.1 and the scattering is low. At 80 nm, C sca /C abs ≈ 0.65 and the scattering is already comparable to the absorption.
The enhancement to the local electric field and the extinction efficiency (i.e. the ratio of the extinction crosssection to the geometrical cross-section πa 2 ) is exemplified in figures 4 and 5 using two Ag nanospheres with the diameters of 60 nm and 120 nm, respectively. They are calculated based on Mie theory and take into consideration the contribution of the multipoles [19] . In figure 4 , the spatial distributions . Extinction efficiency, surface-averaged E-field enhancement and E-field enhancement at the monitoring points for the spheres shown in figure 4 . The monitoring point 1 is along the polarization direction and point 2 is at 45
• angle relative to the polarization direction (see figures 4(a) and (b)). Reprinted with permission from [19] . Copyright (2003) American Chemical Society.
of the electric field in the plane formed by E and k and in the plane perpendicular to k are both presented. Here E denotes the vector of electric field and k the wavevector. The wavelengths are chosen to be 369 nm and 358 nm for the 60 nm sphere and the 120 nm sphere, respectively. The former corresponds to the dipole plasmon peak and the latter is the quadrupole resonance. It is seen in figures 4(a) and (c) that intense electric fields appear along the polarization direction. Figure 4 (b) presents a clear feature of a quadrupole (slightly distorted by a small dipole component). Figure 4(d) is the nodal plane of a quadrupole and exhibits a weak local field.
The amount of enhancement can be read from figure 5. The maximum extinction efficiency is 6-8. For the smaller particle, the enhancement of |E| 2 is about 100 times (see the curve of point 1, which is along the polarization direction). For the larger particle, it is about 35 times (see the curve of point 2, which is at a 45 o angle relative to the polarization direction).
Influences of nanoparticle shape and local environment
Apart from the spherical shape as discussed above, the nanoparticles in plasmonic photocatalysis can also be triangular, spheroid or ellipsoid, nanoshells, nanorods and even irregular in shape. Many fabrication processes such as chemical synthesis do not produce nanoparticles of identical shape. Some studies intentionally control the nanoparticle shape for specific purposes. Generally speaking, nanoparticles of other shapes have multiple resonant peaks due to the multipolar resonances in different directions. As an example, gold nanorods of different aspect ratios have absorption spectra as shown in figure 6 (a). Each curve shows two absorption peaks, corresponding to the separate plasmonic resonances in the transverse and longitudinal directions (the resonant wavelength in the transverse direction is shorter) [82] . This is actually beneficial to plasmonic photocatalysis because the nanoparticles can utilize a broader spectral range of the light source (e.g. sunlight, xenon lamp), rather than the more limited range (as shown by the single absorption peak) with the nanospheres. To illustrate the influence of the shape, the scattering spectra of silver nanoparticles in different shapes are shown in figure 6 (b). With the change of the shape from spherical to pentagonal and then to triangular, the resonant wavelength is shifted from 445 to 520 nm and then to 670 nm [83] . The influence of nanoparticle shape on local electric field is that strong enhancement of the local field is present at the location of an abrupt shape change, and the amount of enhancement is usually larger than that in a nanosphere of the same volume. Figure 7 exemplifies the local electric field of a triangular silver prism and a silver ellipsoid [19] . The prism has a side of length 100 nm, a thickness of 16 nm and a dipole resonance wavelength of 460 nm. The ellipsoid has an aspect ratio of 5 : 1 and a volume equivalent to an 80 nm radius sphere. As expected, intense electric fields appear near the tip regions. The enhancement of |E| is about 20 for the prism and 50 for the ellipsoid.
The state of LSPR is also strongly affected by the local environment. In plasmonic photocatalysis, the noble metal nanoparticles (e.g. Au nanospheres) could have different contact states with the photocatalyst (e.g. TiO 2 ). They could contact only through the surfaces, or the nanoparticles could be fully (or partially) enclosed by the photocatalyst (see figure 19 for the different formations of the plasmonic photocatalytic systems). Figure 8 illustrates the shift of the resonant wavelength when a silver nanosphere (radius 10 nm) is gradually embedded into a mica shell (10 nm thick) [19] . The resonant wavelength is red-shifted from 350 to 430 nm with the increase of the contact area. A similar trend would exist when the Au nanospheres are embedded into TiO 2 particles (or thin films), and thus the peak wavelength varies with embedded states. This is again beneficial to plasmonic photocatalysis. Typically different levels of embedment exist at the same time when noble metal nanoparticles are mixed with the photocatalyst, and the local environment dependence can significantly broaden the absorption spectral range, resulting in a better utilization of the broadband light source.
Plasmonic coupling of nanoparticle ensembles
The above discussion focused on the properties of isolated nanoparticles. In practical plasmonic photocatalytic materials, the nanoparticles may be randomly positioned and thus some could be close enough to cause significant plasmonic coupling between the nearby nanoparticles. A group of coupled nanoparticles is called a nanoparticle ensemble. Dependent on the magnitude of the interparticle distance d, two types of plasmonic coupling could come into play-near-field dipolar coupling and far-field diffraction coupling [17] . From the 1/r 3 term in equation (2.4) , it can be predicted that the dipolar coupling scales with d −3 and becomes negligible for d > λ. For the diffraction-based coupling, the interaction scales with d −1 and can be rationalized using the grating diffraction [84] . The far-field coupling is significant only in 1D and 2D arrays of nanoparticles [85, 86] , which can be fabricated by lithography but are not very common in the practice of photocatalysis. For this reason, far-field coupling will not be discussed further.
The mechanism of the near-field coupling is illustrated in figure 9 using a chain of nanoparticles [17, 87] . When the polarization is perpendicular to the chain axis, the transverse mode is excited. The electrons of all the nanoparticles oscillate in the same phase, and thus the restoring force of the dipole of a particle is increased because the charge distribution of the neighboring particles tends to repel the dipole. As a result, the resonant wavelength is blue-shifted as compared to that of the single nanoparticle. In contrast, when the longitudinal mode is excited, the dipole is attracted by the surface charges of the neighboring particles and experiences a reduced restoring force. Therefore, the longitudinal resonance is red-shifted. For these reasons, the coupled nanoparticles present split absorption peaks. From the point of view of the photocatalysis, the feature of two absorption peaks is beneficial. The nearfield coupling extracts the energy from the dipole radiation and reduces the radiative scattering (see the second term on the right side of equation (2.4)). It is useful for large nanospheres whole scattering is otherwise significant. This feature further enhances the absorption and is beneficial to the photocatalysis too. Moreover, due to the plasmonic coupling, the enhanced electric field extends beyond the surface region of single nanoparticles. Figure 10 compares the electric field distributions of a single Au nanoparticle (diameter 100 nm) and a nanoparticle dimer (spaced by ∼30 nm) [88] . It can be observed that the region with enhanced electric field is within 10 nm of the spherical surface for the single nanoparticle, but covers the whole space in between the two nanoparticles for the dimer. In addition, the enhancement factor of |E| is about Figure 10 . Comparison of the electric field distributions of (a) a single Au nanoparticle and (b) nanoparticle dimer. The diameter of Au nanoparticle is 100 nm. In (a) the region with enhanced electric field is limited to the vicinity of the surface (<10 nm), whereas in (b) the whole region between the two nanoparticles is enhanced. Besides, the dimer has higher enhancement factor (∼9) than the single nanoparticle (∼4). Reproduced from figure 2 of [88] with permission of MDPI Publishing and Professor Byoungho Lee. 4 for the single nanoparticle in comparison to about 9 for the dimer. For plasmonic photocatalysis, the features of a larger enhanced region and a higher enhancement factor would help activate more photocatalysts and improve the reactivity.
Although the discussion above is based on a chain of nanoparticles, the features of separate absorption peaks, enhanced absorption and large enhancement region are also possessed by the nanoparticle ensembles having only a few coupled particles (e.g. dimers, trimers) [89] . Figure 11 studies the extinction spectra of the transverse and longitudinal modes for the Au nanoparticle dimers with different dimer gaps. For the transverse mode in figure 11(b) , the reduction of the dimer gap induces stronger plasmonic coupling and thus a blueshift of the resonant wavelength (due to the repelling nature of the dipoles in the two nanoparticles). On the other hand, the longitudinal mode experiences a red-shift of the resonant wavelength when the dimer gap is reduced (see figure 11(c) ).
Fundamentals of plasmonic photocatalysis
To prepare for the in-depth physical studies in the following chapters, the fundamentals of plasmonic photocatalysis will be presented here, covering the general benefits, the major processes and the energy diagrams of plasmonic photocatalysis.
Influence of plasmonic resonance on photocatalysis
The synergy of noble metals and semiconductor photocatalysts brings in significant changes to many aspects of the photocatalysis. The most pronounced feature is the LSPR of the noble metal nanoparticles in response to the incident light, which enhances the absorption, the local electric field and the excitation of active electrons and holes. A particularly attractive merit is that the metal nanoparticle can absorb visible light to activate the photocatalyst, which could otherwise show no response. Another important feature is the formation of the Schottky junction when the noble metal nanoparticles have direct contact with the semiconductor. This considerably enhances the separation of the photo-excited electrons and holes and suppresses their recombination. In addition, the Figure 11 . Array of Au dimmers (a) and the extinction (=Log(1/Transmission) spectra of the transverse resonance (b) and the longitudinal resonance (c). In (a), the dimer has a center-to-center gap of 300 nm and the adjacent dimer columns are spaced by 900 nm center-to-center. The particle diameter is 150 nm, the particle height is 17 nm. In (b) and (c), the dimer gap is changed from 150 to 450 nm but the dimer column space remains the same. Reprinted from [87] . Copyright (2003) with permission from Elsevier.
surface plasmon polarizes the reactant molecules in the fluid and enhances the adsorption to the metal surface. The surface plasmon also heats up the local environment, increasing the mass transfer of the molecules and enhancing the reaction rates. Moreover, the metal acts as a 'fast lane' for the excited electrons (or holes) to transfer to the metal/fluid interface, traps them on the metal surface and increases the contact area (and thus the reaction rate) with the targeted reactants. Detailed discussions will be presented in the next section. Here we simply examine the contributions of these features from the viewpoint of heterogeneous photocatalysis.
Generally speaking, the heterogeneous photocatalysis can be broken into five independent steps [4, 90, 91] : (1) transfer of the reactants onto the photoreaction surface, (2) adsorption of the reactants, (3) redox reactions in the adsorbed phase, (4) desorption of the production from the surface and (5) transfer of the products away from the surface. From this point of view, plasmonic photocatalysis contributes to all the five steps. For instance, the LSPR, the Schottky junction and the metal's fast transfer, charge carrier trapping and large contact surface would significantly enhance the creation and separation of active electrons/holes and thus raise the reaction rate [10, 16, 20, 30, 41, 42, 45] , benefiting step (3); the localized heating effect increases the reaction rate [27-29, 62, 64] and again benefits step (3), it also boosts the fluid mixing and benefits steps (1), (4) and (5); and the polarization enhances the adsorption [28] and benefits step (2) . These contributions go toward explaining why plasmonic photocatalysis often yields large performance enhancement.
Major processes in plasmonic photocatalysis
In order to prepare for the technical details, a brief look to the major processes in plasmonic photocatalysis is shown in figure 12(a) . As a simple illustration, we consider an Au nanoparticle partially embedded in an n-type TiO 2 nanoparticle. Usually TiO 2 samples have oxygen defects and thus excess electrons, leading to the n-type property [2, 92] . For a direct comparison, figure 12(b) sketches the processes in conventional heterogeneous photocatalysis (i.e. without the Au nanoparticle). In figure 12 (a), the Au nanoparticle is able to absorb visible light, independent of the absorption of the UV light by the TiO 2 nanoparticle itself. Due to the LSPR created in response to the electromagnetic field of the incident light, the Au nanoparticle drives a collective oscillation of the electrons, which excites more electrons and holes (depicted as (A) in figure 12(a)) by energy transfer and/or charge carrier transfer (detailed discussions will be given in section 4.1). This is the essential and distinctive mechanism of plasmonic photocatalysis and enables the creation of active electrons and holes in the TiO 2 nanoparticle even in the absence of any light absorption by TiO 2 . It is noted that, for ease of illustration, it is assumed that the Au nanoparticle absorbs visible light and the TiO 2 absorbs UV light. In many real cases, the Au nanoparticles could be tailored to absorb UV light while the TiO 2 part could be responsive to visible light by doping with metallic or nonmetallic species (e.g. N-doped TiO 2 ) [93, 94] . Nevertheless, Au and TiO 2 can absorb light separately and contribute to photocatalysis synergetically.
Using this example, it can be seen that the presence of Au nanoparticles benefits the photocatalysis in many aspects through different mechanisms. A pronounced effect is the creation of a space-charge region in the n-type TiO 2 nanoparticle in the vicinity of the Au surface. This is because when the TiO 2 nanoparticle comes in contact with an Au Figure 12 . Schematic representation of the major mechanisms in plasmonic photocatalysis (a) as compared to the common photocatalysis (b). Here an n-type TiO 2 particle is used as an example of the catalyst. In (a), the presence of Au nanoparticle induces a space charge region (i.e. Schottky junction) in the TiO 2 particle, which builds up an internal field E pointing from the TiO 2 to the Au. Such internal field forces the separate of electrons and holes and suppresses their recombination. In contrast, the recombination is severe in the absence of the Au nanoparticle as shown in (b). The most significant feature of plasmonic photocatalysis is that the Au nanoparticle is able to absorb visible light and drives collective oscillation of electrons, which in turn generates more electrons and holes for photocatalysis nanoparticle, the electrons diffuse from the TiO 2 side to the Au side and create a positively charged region with no free carriers in the TiO 2 nanoparticle. This forms a depleted region, a.k.a., a space-charge region. In the equilibrium state, an equal amount of electrons are trapped in the adjacent Au surface. This builds up an internal electrical field from the TiO 2 side toward the Au side (as indicated by E in figure 12 (a)), preventing further movement of the carriers. When an electron-hole pair is excited in or near the space-charge region by an incident UV photon (depicted as (B) in figure 12 (a)), the internal electrical field forces the electron to move to the Au region and the hole to the TiO 2 region, preventing their recombination. The electrons and holes are then captured by the acceptors and donors in the solution, respectively, and initiate further redox reactions. Another possible channel of electron transfer is that the LSPRexcited electrons in Au have sufficient energy to go across the space-charge region and are fed into the conduction band of TiO 2 as depicted by (C) in figure 12(a).
For comparison the photocatalytic processes in the absence of an Au nanoparticle, which represents the common Figure 13 . Major mechanisms in the plasmonic photocatalysis of a p-type TiO 2 particle. The internal field E points from the Au to the TiO 2 . As a result, the electrons are pushed to the Au side whereas the holes accumulate on the TiO 2 side. These are exactly opposite to those in the plasmonic photocatalysis of the n-type TiO 2 particle.
practice of photocatalysis, are schemed in figure 12 (b). The electrons and holes excited in the volume of the TiO 2 nanoparticle migrate to the surface by a random-walk-like diffusion and have plenty of chances to recombine. This is particularly true when the size of the TiO 2 nanoparticle is much larger than the minority diffusion length (typically 10 nm [14, 20, 48] ). It shows clearly that the presence of the Au nanoparticle in plasmonic photocatalysis would significantly improve the quantum efficiency of photocatalysis.
For completeness, the scenario of a p-type TiO 2 nanoparticle in contact with an Au nanoparticle is illustrated in figure 13 . In contrast to the case of an n-type TiO 2 nanoparticle, the built-in internal electrical field points from the Au region to the TiO 2 region. As a result, the photo-excited electrons migrate to the surface of the Au nanoparticle whereas the holes accumulate on the TiO 2 surface. With respect to the generation and transfer of the electrons and holes, the p-type TiO 2 shares similar features with the n-type TiO 2 . From the above discussion, one can see that the Au nanoparticle acts as a trap center for holes in the n-type TiO 2 and for electrons in the p-type TiO 2 .
Energy diagrams of plasmonic photocatalysis
Plasmonic photocatalysis typically involves the materials of noble metals (e.g. Au, Ag, Pt), semiconductor photocatalysts (e.g. TiO 2 , ZnO) and redox groups in the solution (e.g.,
It may also use some insulator materials (e.g. SiO 2 , Al 2 O 3 ) as the substrate or the electrical isolation layer. Many factors affect the photoreactions and their efficiencies, such as nanoparticle material types, nanoparticle size and morphology, metal loading, pH value, temperature, etc. However, one of the dominant factors is the energy band positions of the materials. For example, the energy band positions of the photocatalyst determine its cutoff absorption wavelength, while those of the redox group relative to those of photocatalyst determines whether a specific reduction or oxidation reaction is possible or efficient. Here we attempt to list the band positions of common materials in plasmonic photocatalysis and, after a brief explanation of the basic principle of photocatalytic reactions, to elucidate their interactions.
Principle of photocatalytic reactions.
Generation and transfer of electrons and holes are among the most important processes in initiating reduction/oxidation reactions in photocatalysis. In charge carrier generation, typically a photon with an energy equal to or larger than the bandgap of the semiconductor photocatalyst (hν E CB -E VB ) excites an electron from the valence to the conduction band and leaves a hole in the valence band (see figure 14) . Here h is the Planck constant, ν is the frequency of light and E CB and E VB are the conduction-band energy and the valence band energy, respectively. Besides this direct photon excitation in the semiconductor photocatalyst, charge carriers can be generated in other ways, e.g. by electron transfer from the LSPR-excited metal nanoparticle [21, 95] or by collision or photon-electron interaction [22] [23] [24] [25] [26] .
Immediately after generation, the electron has an energy of E CB and the hole has E VB ; both are active. Then the active electron and the active hole could be transferred to intermediate energy levels E CB and E VB . To suppress their recombination, the charge carriers may be spatially separated (e.g. the electron moves to the Au surface whereas the hole goes to the TiO 2 surface in the Au/TiO 2 plasmonic photocatalysis). Finally, the electron can be captured by an acceptor molecule A in the solution and undergoes the reduction reaction A + e − → A − ; and similarly, the hole extracts an electron from a donor molecule through D+h + → D + . For the charge carrier transfer and the redox reactions to occur spontaneously, it requires E CB E CB E red for the electron and E VB E VB E ox for the hole. It is noted in figure 14 that the energy is expressed in the potential level of electrons, with the vacuum level E = 0 at the top. For electrons, a higher position stands for higher energy; for holes it is the opposite, a lower position in figure 14 indicates higher energy.
Band edge positions of common materials in plasmonic photocatalysis.
The band edge positions of common materials used in plasmonic photocatalysis are presented in figure 15 in three categories. The left side shows the commonly used semiconductor photocatalysts such as TiO 2 , ZnO, Bi 2 O 3 , CdSe, WO 3 and CdS. Silver halides (AgCl, AgBr and AgI) are included as well, they have been used extensively as the redox balance materials for Ag nanoparticles [39, 40, 45-47, 55, 96, 99] . In the lower part of figure 15 , the decompositions to metallic Ag atoms and the corresponding potentials are also listed for easy reference. The second group displays the work functions of common noble metals, including Ag, Au, Pd and Pt. On the right side, the third group presents the potential levels of common redox groups, including O 2 /O 
SHE level E(SHE) is E(SHE) = −4.44 − E(eV).
Energy diagrams of plasmonic photocatalysis.
The interactions between the semiconductor photocatalysts, the noble metal and the redox group in the solution are illustrated in figure 16 . When the semiconductor photocatalyst is n-type, its Fermi level E f is close to the conduction-band energy E CB , the valence band energy E VB is far below. In the original state, the noble metal has a work function W and the redox group D/D + has an electrochemical potential E redox . Before contact of the semiconductor photocatalyst with the noble metal and the solution, E f , W and E redox could be different (see figure 16 (a)). When they come into contact, the electrons and holes flow and build up a new equilibrium state, in which E f , W and E redox are equilibrated (see figure 16(b) ). In a typical plasmonic photocatalytic system, the available energy states in the semiconductor photocatalyst and in the noble metal nanoparticles are much fewer than those in the solution due to the relatively small total surface areas, therefore E redox does not change significantly whereas the other two line up with E redox . Here we assume that it has E f > E redox > W. It is seen again that the space-charge region builds up in the semiconductor photocatalyst and helps separate the electrons and holes. For the p-type semiconductor photocatalyst, similar equilibrium states and space-charge regions are resulted as shown in figures 16(c) and (d).
It is noted that in the region not covered by the noble metal, the semiconductor photocatalyst has direct contact with the solution. A similar space-charge region could be built up if E f = E redox before the contact (see the example in figure 17 for the n-type semiconductor photocatalyst). This effect is not drawn in figure 12 or 13 to maintain simplicity. However, such an effect could adversely affect the charge carrier transfer during the photocatalytic process. This occurs at the same in the conventional photocatalytic systems without the LSPR [100, 101] and will not be discussed further. It should be also noted that the transfers of charge carriers as depicted in figure 16 are simplified and do not consider the influences of surface states, defect-related intermediate states and adsorbed compound groups [3, 4, 90, 91] . 
Physical mechanisms of plasmonic enhancement to photocatalysis
Photocatalysis itself is already a very complicated process and the plasmonic resonance of noble metal nanoparticles adds more complexity to physical studies. Fortunately, with the basic knowledge of LSPR and plasmonic photocatalysis presented in the previous two sections, we are now ready to examine the detailed physical mechanisms. In photocatalysis, photo-excited charge carriers play the central role in the photodegradation function. Here decays of the surface plasmon resonance state will be first investigated to elucidate the generation of charge carriers and the localized heating effect. Then the plasmonic photocatalytic systems will be classified based on their contact form and irradiation state.
These make it possible to single out the physical origins of various enhancement effects and to correlate them with material properties and operation conditions. Lastly, adverse effects due to the addition of metal nanoparticles will also be discussed.
Decays of surface plasmon resonance for charge carrier generation and local heating
Physical understanding of plasmonic photocatalysis has progressed steadily but has not yet reached unanimity. What is generally accepted is that the energy transfer from the metal nanoparticles to the semiconductors plays a crucial role. The difference lies in the detailed process of energy transfer in generating more electrons and holes. It will be clearer and easier to understand if we examine the plasmonic enhancement from the viewpoint of the decay of LSPR. From the dynamics of LSPR, the coherent oscillation of conduction-band electrons dissipates the energy by two competitive pathways: radiative decay and non-radiative decay (resulting in the enhanced scattering and the absorption as depicted in section 2.1, respectively).
The radiative decay releases energy by the emission of a photon. The efficiency has been shown to be rather low, with a luminescence quantum yield of the order of 10 −6 based on the study of Dulkeith et al on Au nanospheres in the range 2-35 nm [102] . A similar study demonstrated that Au nanorods (width 20 nm, aspect ratio 2-5.4) gave a higher luminescence quantum yield of 10 −4 [103] . With such a low yield, it is reasonable to exclude the radiative transfer from the major contributors of the plasmonic enhancement, considering the enhancement factor of local electric field is typically smaller than a few hundred. However, it was suggested that radiative decay was dominant for particle sizes over 40 nm for Ag and Au [24] (see also section 2.1.3).
The nonradiative decay of the plasmonic resonance undergoes cascaded steps of electron-electron relaxation, electron-phonon relaxation and finally phonon-phonon relaxation [104, 105] . The electron-electron relaxation roots from the collision of the high energy electrons with other electrons in the metal nanoparticle and in the 'hot-spot' region of the surrounding environment, with a time constant of ∼0.5 ps [106] .
LSPR sensitization effect.
The electron-electron relaxation causes different effects in the metal nanoparticle and in the surroundings. The scenario is illustrated in figure 18 , under the assumption that the semiconductor is n-type and has direct electrical contract with the metal nanoparticle. In the volume of a metal nanoparticle, the electron states are continuous and follow the Fermi-Dirac distribution (as long as the metal nanoparticle is not too small to introduce the sizedependent bandgaps [107] ). Upon resonance with incoming photons, many electrons have energy higher than that of the conduction band E CB of the neighboring semiconductor, facilitating a direct transfer of electrons to the conduction band of the semiconductor (see figure 18(a) ). This is similar to the sensitization of TiO 2 by organic dyes [2, 100, 108] or semiconductor heterojunctions [69] . For this reason, this effect can be called the 'LSPR sensitization effect'. Through electron-electron relaxation, the energy states of electrons are changed back to the Fermi-Dirac distribution, but at a higher Fermi level E f (see figure 18(b) ). The tail part of the electron distribution with energy >E f continues feeding electrons into the conduction band. After the full dissipation of surface plasmon energy, the electrons in the metal nanoparticle return to the standard Fermi-Dirac distribution (see figure 18(c) ).
It can be seen from figure 18(a) that the photon energy does not need to match the bandgap of the semiconductor. Instead, it needs only to overcome the top of bent conduction, that is, hν E CB0 − E f , where hν is the photon energy, E CB0 is the flat-band potential of the semiconductor conduction band and E f is the Fermi level in operation. Useful evidence may be found from the experimental work of Mureen et al, which fed the conduction band of TiO 2 by irradiating Au nanoparticles with a red light (600 nm) [21] . The authors proposed electron tunneling to explain the electron transfer. However, it seems not necessary to resort to the tunneling effect. Here we give a simple estimation: Before contact, the conduction band of TiO 2 is E CB0 = −0.3 eV versus SHE [60] and the work function of Au is about W = 5.1 eV. After contact, the Fermi level is equalized to the work function and thus the conduction band of the TiO 2 is bent down. No matter what the actual position of the Fermi level after the contact, the gap of the conduction-band top and the Fermi level remains as (−4.44 + 0.3) + 5.1 = 0.96 eV, whereas the photon energy for 600 nm is ∼2.1 eV. Therefore, the photo-excited electrons in the Au nanoparticles have sufficient energy to flow into the semiconductor conduction band as illustrated in figure 18(a) .
Another proof can be found in the work of Nishijima et al, which obtained photocurrent from visible to near infrared light using an array of Au nanorods patterned on an n-type TiO 2 single crystal [95] . For comparison, no photocurrent was measured in the absence of Au nanorods when the irradiation wavelength was 450 nm or longer. It was amazing to see that an irradiation of 1300 nm was still able to generate photocurrent, however, it is easy to explain using the LSPR sensitization effect. As estimated above, the energy difference of the Au Fermi level and the TiO 2 conduction-band top is 0.96 eV. Here the photon of 1300 nm has an energy ∼0.95 eV, which is very close to 0.96 eV. Therefore, light of 1300 nm is energetic enough at the margin to cause the LSPR sensitization effect. This also tells us why no photocurrent was observed when the light wavelength went beyond 1300 nm [95] .
LSPR-powered bandgap breaking effect.
In the interface of the metal/semiconductor and in the 'hot-spot' region of the surface plasmon, electron collision could excite an electron from the valence band of the semiconductor to the conduction band and leaves a hole in the valence band (see figure 18(d) ). Then, the electrons and holes migrate to different regions as driven by the built-in electric field in the spacecharge layer. This kind of process can be called the 'LSPRpowered bandgap breaking effect' because the electron-hole pair in the semiconductor is generated by breaking the bandgap of the semiconductor as powered by the LSPR of the metal nanoparticle. Previous studies have shown this process is plausible [22] [23] [24] [25] [26] . It should be noted that the LSPR-powered bandgap breaking effect requires the energy of the surface plasmon to be equal to or larger than the bandgap of the semiconductor [26] .
It is worth noting that both the LSPR sensitization effect and the LSPR-powered bandgap breaking effect come from the electron-electron relaxation (mainly electron collision). The difference lies in that the former occurs in the metal nanoparticle whereas the latter in the semiconductor.
Localized heating effect.
The electron-phonon relaxation refers to the collision of electrons with the ionic lattice of the metal nanoparticle, with a time constant typically of 0.7 ps [106] . This causes an increase of the temperature in the metal nanoparticle. The phonon-phonon relaxation also couples the vibrations of the metal lattice and the semiconductor lattice, heating the semiconductor and the surrounding local environment. The time constant is usually tens to a few hundreds of picoseconds, depending on the nature of the metal nanoparticle, the incident light power and the local environment [109] . As an example, Chen et al estimated a heating rate of 3-5
• C s −1 and a final temperature >100
• C in their experiment of HCHO oxidation using Au@ZrO 2 nanoparticles [64] . In fact, the temperature could go so high that it vaporizes the solution [62] or even melts the metal nanoparticle [110, 111] . It should be noted that the localized heating effect works more efficiently in small nanoparticles (typically below 30 nm) [31, 62, 63] .
Although such a localized heating effect does not produce active electrons or holes, it can be used for thermolysis [62] and is also beneficial to photocatalysis as many photochemical reactions go faster at a higher temperate. For instance, the photocatalytic systems in the sole-metal form (like Ag nanoparticles on fiber and Ag@C nanoparticles) have shown enhanced degradation of organic dyes under sunlight since the localized heating plays a dominant role [27, 28] . Another application of the localized heating effect is to drive thermocatalytic reactions at a relatively low temperature, which would otherwise need a much higher temperature in conventional reactors. This was demonstrated recently by Christopher et al in the oxidations of ethylene, CO and NH 3 [29] . The catalysts were Ag nanocubes (∼60 nm edge length) supported on α-Al 2 O 3 particles, which could absorb visible light. For ethylene oxidation at 430 K, the reaction rate with visible light irradiation (250 mW cm −2 ) showed a 3-8 times increase as compared to that in the dark. To reach the same rate of reaction in the dark, it would need to operate at 470 K. Lowering the reaction temperature was seen to contribute significantly to the stability and lifetime of the catalysts (e.g., a decrease of 25 K would increase the lifetime by 10 times). It should be mentioned that over and above temperature increase, this work finally attributed the enhanced oxidation rate to the transfer of energetic electrons to the adsorbed O 2 based on the observed linear dependence of reaction rate on light intensity [29] . No matter what mechanism is really at work, plasmonic enhancement of thermocatalytic reactions does exist.
These three effects cover most of the proposed enhancement mechanisms in the literature and can be used to unite the contradictory explanations among them. Detailed discussions are presented in the appendices.
Classification of plasmonic photocatalytic systems
The enhancement effects of optical absorption, local electric field and electron-hole generation have received almost a unanimous agreement among researchers. However, the detailed processes of charge carrier transfer have raised hot disputes. Almost every reported work attempting to provide a reasonable explanation of the observed enhancement of photocatalytic efficiency in experiments contradicts the others. Using the enhanced decomposition of organic materials as an example, some studies attribute it to the direct transfer of charge carriers [21, 41, 51, 52, 56, 61] , some ascribed it to the localized heating effect [29, [62] [63] [64] and some others attempted to rule out both the former and gave credit to the radiative photon transfer as the main pathway [14, 30, 31, 38, 41, 48, 69] , whereas a few studies simply favored a combination of them all [28] . It is not surprising to see even studies from the same research group adopting different explanations from time to time. Our general account is that no single idea prevails, each works under certain conditions and may fail under other. Below we will attempt to classify the configurations of the photocatalytic systems. With these, it will be easier to examine the detailed processes and to put them in their proper contexts.
Various conditions affect the performance of plasmonic photocatalysis. Among them, contact form and irradiation state are of essential importance. The contact form refers to whether the noble metal nanoparticles have direct contact with the semiconductor photocatalyst and the surrounding environment (solution or gas); and the irradiation state defines whether the semiconductor photocatalyst is excited, whether the metal nanoparticle is excited to the LSPR, and if both are excited, whether they are irradiated by light of same wavelength.
Contact forms of plasmonic photocatalytic systems.
Based on the contact form, the various plasmonic photocatalytic systems can be roughly classified into four forms as outlined in figure 19 .
-Sole-metal form. There is no semiconductor photocatalyst, photocatalysis relies solely on the LSPR of metal nanoparticles (see figure 19(a) ). This is the simplest configuration but may not be very efficient. A few previous systems like depositing Ag nanoparticles on an inert support (like textile fibers) or a conductive support (like graphene and graphene oxide) can be assigned to this configuration [27, 53, 112] . Ag@C can also be assigned to this configuration since C is conductive but non-photocatalytic [28] . Au nanoparticles on insulating oxide supports (e.g., ZrO 2 , SiO 2 ) have been studied for thermal oxidation of volatile organic compounds (VOCs) as well [64] . This configuration can make use of the localized heating effect for thermolysis or temperature-dependent reactions [62] . Moreover, the energetic electrons and holes excited by the LSPR could be exploited for photocatalysis such as reduction of graphene oxide [53, 112] . -Embedded form. The metal nanoparticle is partially embedded in the semiconductor and is also partially exposed to the surrounding solution (see figure 19(b) ).
There is a direct electrical contact between the metal nanoparticle and the semiconductor. figure 19(d) ). Consequently, the metal nanoparticle does not touch the surrounding solution. This represents many endeavors that use Ag nanoparticles to achieve a visible light response in TiO 2 while protecting the Ag nanoparticles from oxidation [29] [30] [31] . This form covers some other studies that attempted to boost up the photocatalytic efficiency using the LSPR and to protect the metal nanoparticles as well [10, 20, 26, 69] . It has also been used to investigate the processes of energy/charge transfer [30] . It cuts off the direct electron transfer and singles out the indirect transfer effects; moreover, the field effect of the indirect transfer can be investigated by controlling the thickness of the isolation layer [10, 26, 69] .
These four forms cover most of the demonstrated systems. Some other systems that appear to fall out of the scope can still be ascribed to a certain form. For instance, Ag/AgX nanocluster (X stands for Cl, Br or I) on an inert support (e.g. glass) or in the powder form represents a broad category of plasmonic photocatalyst and has been extensively studied [40, 46, 47, 55, 96, 96, 116] . On first sight, it does not belong to any of the above configurations. Nevertheless, it can be assigned to the embedded form since Ag is reduced from AgX and stays on the surface of AgX. Therefore, caution should be taken to find out the actual contact form so as to properly identify the form of a photocatalytic system.
Irradiation states of plasmonic photocatalytic systems.
The irradiation state has a crucial influence on the operation of plasmonic photocatalytic systems. [45, 59, 60] . One of the prerequisites is spectral overlapping, that is, the resonance peak of metal nanoparticles should have sufficient overlap with the absorption peak of the semiconductor in the spectra. As mentioned in section 2.2., this can be achieved by tailoring the size, shape and surroundings of the metal nanoparticles [20, 31, 118] . For instance, the absorption peak wavelength of Ag nanoparticles shifts from ∼400 to ∼500 nm as the nanoparticle size increases from ∼2 to ∼70 nm [119, 120] . -Separate-excitation state. The semiconductor is excited by one wavelength while the metal nanoparticles are excited to LSPR by another wavelength (usually longer). This is associated with the plasmonic response under broadband light, like sunlight [52] . For instance, in the Au/TiO 2 sample, it is possible to make the Au nanoparticles absorb the visible range of sunlight and TiO 2 absorb the UV part.
Similarly, the encapsulated form exhibits the same four states of operation. For the isolated form, the bandgap-excitation state is not generally used since the metal nanoparticles are not affected. In the dual-excitation state, the metal nanoparticles absorb, intensify and direct the light to the semiconductors for more absorption [10, 20, 64, 69] . The separate-excitation state of the isolated form can be used to probe whether the LSPR with lower energy (smaller than the bandgap of the semiconductor) can transfer energy to the semiconductor in the absence of charge carrier transfer. The results of Ingram et al suggested this transfer was not efficient [30] . 
Enhanced properties of plasmonic photocatalysis
Many properties of photocatalysis have been found to benefit from plasmonic resonance. For ease of organization and explanation, we will follow the working steps of photocatalysis to elucidate various plasmonic enhancement effects and their detailed mechanisms. Typically, photocatalysis consists of a series of working steps as illustrated in figure 21 . In brief, the incoming photons are first absorbed and the optical absorption produces a local electric field. As a result, active charge carriers are generated and then separated. The LSPR presents enhancement to all these steps but to different extents.
Enhanced optical absorption.
Absorption of light is the source of energy for photocatalysis. The noble metal nanoparticles may enhance the optical absorption in two ways: surface plasmon absorption by the metal nanoparticles and photon path length increase in the semiconductor surface region.
The principle of surface plasmon absorption has been presented in section 2.1.3. In this part we will discuss the experimental studies [14, 61] . A good example is shown in figure 22 , which compares the absorption spectra of Ag/AgBr/TiO 2 composite, pure TiO 2 and Ag/TiO 2 composite Figure 23 . Enhancement of the absorption of visible light by Au nanoparticles and its correlation with the apparent quantum efficiency . The curves stand for the diffuse reflectance spectrum of Au/TiO2 (Aldrich-rutile), and the action spectra of 2-propanol oxidation on Au/TiO2 (Aldrich-rutile) ( ) and bare TiO 2 ( ). Reproduced from [122] with permission of the Royal Society of Chemistry. [39] . It is seen clearly that Ag/TiO 2 has much larger absorption in the visible range (>400 nm) than the TiO 2 sample and this enhancement is attributed to the LSPR [98] . The broadening of the absorption peak is mainly due to the non-uniformity of Ag nanoparticle size. The Ag/AgBr/TiO 2 composite also exhibits an obvious absorption of visible light, which should result from the indirect bandgap transition of AgBr and the LSPR of Ag, with the former being the dominant effect [39] .
A high absorption does not always lead to high photocatalytic efficiency. A more convincing proof of the plasmonic enhancement is the coincidence of the absorption peak of LSPR with the maximum wavelength region of the action spectrum (i.e. the apparent quantum efficiency as a function of the wavelength) [121] . In a recent work, Kowalska et al measured the absorption spectrum and the action spectrum of Au/TiO 2 samples and found a clear correlation between them [122] [123] [124] [125] [126] [127] . The results are reproduced in figure 23 . Plasmonic photocatalysis was examined by monitoring the oxidation of 2-propanol to acetone. The apparent quantum efficiency is the ratio of the number of consumed electrons to the number of incoming photons (not considering the losses of photons by reflection and transmission). It is seen in figure 23 that both the absorption and the apparent quantum efficiency reach their peaks in the same range of about 575-585 nm. The action spectrum of the pure TiO 2 sample is also presented in figure 23 and exhibits a quite flat and much lower curve.
In addition to the surface plasmon absorption by the metal, the increase of photon path length in the surface region of the semiconductor by the scattering of metal nanoparticles also enhances the optical absorption. As stated in section 2.1.3, for small noble metal nanoparticles (typically < 60 nm), the Mie scattering is negligible compared to the absorption [128] . However, for large nanoparticles scattering takes effect and increases the path length of photons in the semiconductor as illustrated in figure 24 [14] . Typically the photons penetrate a few nanometers to a few micrometers into the semiconductor photocatalyst, and thus not all are absorbed effectively. Besides, photons absorbed far below the surface of the semiconductor contribute little to the photoreaction since the generated electrons and holes have to experience a long diffusion length and mostly recombine before they reach the surface (see figure 12(b) ). Large metal nanoparticles scatter the unabsorbed photons efficiently, increasing the average photon path length, and produce more absorption near the semiconductor surface. In a recent work of Ingram and Linic [30] , it was shown that the scattering of large Ag nanocubes (edge length 118 ± 25 nm) could enhance the absorption of photons at 400-500 nm by at most 25%. The estimation was done by comparing the extinction spectrum of composite Ag nanocubes and N-doped TiO 2 nanoparticles (Ag, 5 wt%) with that of a pure N-doped TiO 2 sample. The Ag nanocubes were protected by a non-conductive spacer layer to prevent any direct transfer of charge carriers between the Ag nanocubes and the TiO 2 nanoparticles.
In another work, Christopher et al [31] studied the influence of the shape of Ag nanoparticles in the Ag@TiO 2 composite on the enhancement of photoreaction rate; it was found that the Ag nanocubes (edge length 79 nm) had the highest photoreaction rate when compared to Ag nanospheres (diameter 75 nm) and Ag nanowires (diameter 90 nm, aspect ratio >30). Such a difference was attributed to the scattering efficiency of nanostructures; the simulation showed that the Ag nanocubes had the highest scattering efficiency.
In addition to the size and shape of metal nanoparticles, the enhancement by scattering is also strongly dependent on the loading level of the metal nanoparticles. Too low loading causes negligible multiple scattering and thus insignificant enhancement to the optical absorption, whereas too high loading causes the absorption of many photons in the first interaction with metal nanoparticles, leaving few for multiple scattering. 
Enhanced local electric field. An immediate effect
of LSPR is the enhancement of local electric field, as discussed in section 2.1.3. The enhanced local field would in turn boost the generation of electrons and holes by a roughly linear relationship. The local enhancement has been extensively studied for Raman spectroscopy [129, 130] , sensors [123] , plasmonic devices [124] [125] [126] and recently plasmonic metamaterials [73, 74, [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] .
A direct observation of the local field is exemplified by the fluorescence image of an Ag disk (diameter 200 nm, height 60 nm) shown in figure 25(a) [144] . The Ag disk was patterned on an ITO-coated glass substrate using e-beam lithography [145] , covered with a 10 nm SiO 2 spacer layer to avoid quenching due to the direct contact of fluophors with the metal, then deposited with a monolayer of Rhodamin 6G molecules for fluorescence observation [144] . It is shown in figure 25(a) that the local electric field presents two strong lobes in parallel to the electric vector of excitation light. The dark regions in close proximity to the Ag disk are due to the bleaching effect of fluophors and actually indicate a stronger local electric field. Figure 25(b) shows the simulated local electric field near a 60 nm Au sphere by Juluri [146] . The maximum ratio of the local electric field amplitude |E| to the original electric field |E 0 | of the light is about 5, which indicates an enhancement factor |E 2 /E 2 0 | of about 25. An enhancement factor many times larger can be achieved by tailoring the shape and size of a single noble metal nanoparticle or by coupling two or more nanoparticles [48, 141, [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] . For instance, nanocubes have a larger enhancement factor as compared to nanospheres and nanowires [31] . The two dark red bands (commonly called 'hot spots') in figure 25(b) demonstrate that there is significant enhancement even a few nanometers from the Au nanoparticle surface. This shows that the enhanced local electric field can penetrate into the space-charge region of a semiconductor nanoparticle if the noble metal nanoparticle has direct contact with the semiconductor nanoparticle (see figure 12(a) ). In the coupled metal nanoparticles, the enhanced electric field could extend out of the metal surface by tens to hundreds of nanometers, deep into the space-charge region in the semiconductor [73, [158] [159] [160] .
Enhanced generation of charge carriers.
As the rate of electron-hole generation in the semiconductor is proportional to the local intensity of the electric field (namely |E| 2 ) [161, 162] , the enhanced local electric field would facilitate the generation of more electrons and holes. Although the specific mechanism has raised a lot of arguments, the enhancement of electron-hole generation has been consistently observed and well-accepted as a matter of fact [10, 20, 30, 31, 48, 69, 161, 163, 164] . The mechanisms of charge carrier generation have already been presented in section 4.1. In this section we will focus on measurement methods and experimental proofs.
(A) Measurement methods. Experimental studies usually make use of the core@shell nanostructures, the core being Ag nanoparticles and the shell being SiO 2 or another nonconducting thin layer [10, 30, 31, 69] . The insulation of the core from the surrounding prevents the oxidation of Ag. It also rules out the possibility that the Ag nanoparticles act as the recombination center [20, 163] . More importantly, it ensures the separation of Ag and TiO 2 and thus excludes direct charge carrier transfer between Ag and TiO 2 . In this way, the enhancement of photocatalytic reactions can be solely attributed to the enhanced electron-hole generation (other effects like localized heating can be ruled out by control experiments). Au nanoparticles have also been tested as the core but have shown little enhancement effect to TiO 2 or N-doped TiO 2 because the wavelength peak of LSPR of Au is commonly out of the range of the absorption band of TiO 2 and N-doped TiO2 [30, 31] .
A few experimental methods have been demonstrated by measuring photoluminescence [31, 161, 164] , dye decoloration [10, 31, 69] and photocurrent [30, 48, 69] . The photoluminescence results from the recombination of the electrons and holes. If there are no redox groups to capture the photoexcited electrons and holes, the photoluminescence is proportional to the amount of generated electron-hole pairs in the semiconductor. Indeed, multifold enhancement of the photoluminescence in TiO 2 and CdTe has been observed by the LSPR of Ag [31] and Au [161, 164] .
The designs of another two measurement methods are illustrated in figures 26(a) and (b).
One utilizes the decoloration of dyes (e.g., methylene blue, MB) as an indicator of the hole generation. For this purpose, a thin layer of MB can be deposited (by spin coating [10] or dip coating [31] ) on top of a thin layer of TiO 2 , under which the Ag@SiO 2 core@shell nanostructures are presented.
The other method is to measure the photocurrent in response to the irradiation [30, 48, 69] . Kumar et al measured the photocurrent and observed a three-fold increase of the current density in the Ag@SiO 2 sample (SiO 2 thickness 2 nm) as compared to the pure TiO 2 sample [69] . To exclude the possible contribution of the localized heating effect, it is more appropriate to adopt the setup of water splitting as shown in figure 26(b) . This is because water splitting requires an energy of 1.23 eV, which is much higher than the thermal energy generated by plasmonic heating [48, 165] . In contrast, the method that relies on the decoloration of dyes may involve a partial contribution from the localized heating effects (e.g., thermolysis) and needs specially designed control experiments to indubitably rule out the localized heating effect [31, 69] . In figure 26(b) , the mixture of Ag@SiO 2 and TiO 2 nanoparticles can be layered on a conductive plate (e.g., indium tin oxide, ITO), which is then used as the working electrode for the half cell of O 2 generation. A Pt plate is used as the counter electrode for hydrogen generation and a standard electrode (e.g., Ag/AgCl, Hg/HgO) is used as the reference. The photocurrent and the I -V curve can be measured between the working electrode and the counter electrode [48] .
(B) Experimental evidences. The dye decomposition method was adopted in the studies of Awazu [10] , Christopher [31] and Kumar [69] . In the work of Awazu et al [10] , the Ag nanoparticles (diameter 30-100 nm) were first prepared on a SiO 2 substrate, then subjected to a sputtered coating of SiO 2 and finally covered by a TiO 2 layer 90 nm in thickness (in anatase phase). The thickness of the SiO 2 coating was varied between 5 and 100 nm to study its influence. The inset in figure 26(c) shows the micrographs of the sample cross-section taken by the tunneling electron microscope (TEM). Under the irradiation of near UV irradiation (10 W black-fluorescent lamp, peak emission at 380 nm), the Ag@SiO 2 sample with a 5 nm SiO 2 layer showed the highest reaction rate, 7 times that of the sample with only TiO 2 (see figure 26(c) ). A thicker SiO 2 layer caused a reduction in the reaction rate, e.g., at 20 nm, it was 5 times; at 100 nm, there is barely no enhancement. Kumar et al used atomic layer deposition (ALD) equipment to finely control the thickness of SiO 2 from 2 to 20 nm and found similar enhancement through decoloration and the SiO 2 thickness effect (the MB was in solution, not coated) [69] . Christopher et al utilized a non-conducting organic stabilizer, polyvinylpyrrolidone (PVP), to cover the Ag nanoparticles and did not control the insulator layer thickness-instead they varied the size and shape of the Ag nanoparticles. It was found that Ag nanocubes had better enhancement of decoloration than Ag nanospheres or nanowires [31] . This is reasonable as nanocubes have a higher optical absorption (mainly a larger scattering efficiency) and higher local electric field as discussed above.
In a recent work of Ingram and Linic [30] , the three-electrode water splitting setup was adopted to study the plasmonic enhancement of photocurrent.
The Ag nanocubes (edge length 118 ± 25 nm) were encapsulated by non-conducting PVP and then mixed with N-doped TiO 2 nanoparticles (Ag, 5 wt%). Control experiments were carried out using a pure Ag sample, a pure N-doped TiO 2 sample and an Au@N-doped TiO 2 sample (Au was coated with PVP). The photocurrents due to broadband visible light (400-900 nm) are shown in figure 26(d) . It can be seen that pure Ag has no response, pure N-doped TiO 2 exhibits a low response, and Au@N-doped TiO 2 presents little improvement to the pure Ndoped TiO 2 . The Ag@N-doped TiO 2 sample stands out as producing the highest photocurrent, yielding an enhancement factor of ∼10 as compared to the response of the pure Ndoped sample.
The observed enhancements of MB decoloration and photocurrent using the Ag@SiO 2 and Ag@PVP core@shell nanoparticles provide strong evidence of the enhanced generation of electron-hole pairs, though the above experiments were not designed for this purpose. A more relevant experimental work was presented recently by Thomann et al to study the enhancement of photocurrent by Au@SiO 2 core@shell nanoparticles [20] . As illustrated in the insets of figures 27(a) and (c), Au@SiO 2 nanoparticles were embedded in or placed on top of a thin layer of Fe 2 O 3 , which in turn sat on a glass slide via a transparent conductive oxide (TCO) layer. The composites were then used as the working electrode for a water splitting experiment. The scanning electron micrographs of the samples are shown in figures 27(b) and (d). The Au nanospheres are 50 nm in diameter, the SiO 2 layer is 10 nm thick and the Fe 2 O 3 layer is 100 nm in (b) and 
nm in (d).
The enhancement spectra of the photocurrent and the absorption are shown in figures 27(a) and (c) and reveal many features of plasmonic enhancement. Among them, two conspicuous ones reflect the enhancement of electron-hole generation. One is that the photocurrent enhancement factor peaks at 11 for the embedded-in configuration and 20 for the placed-on configuration. The values really are impressive. The other is that the photocurrent enhancement spectra neatly resemble the absorption enhancement spectra in the peak positions. This is firm support that the enhancement of the photocurrent (and thus the generated electrons and holes) is attributed to the LSPR of the Au@ SiO 2 nanoparticles.
Enhanced separation of charge carriers.
In plasmonic photocatalysis, the noble metal and the semiconductor form a space-charge region (i.e. a Schottky junction) when they come into contact. This enhances the separation of electrons and holes, drastically reduces the chance of recombination and significantly increases the lifetime of the photo-excited charge carriers. This effect has been considered as one of the major contributors to enhanced photocatalytic efficiency [41, 42, 45, 48, 50, 60, 114, 115] . It is easy to understand that a prerequisite of such enhancement is the direct electrical contact of the metal nanoparticles with the semiconductor. For this reason, this effect does not contribute to the photocatalytic systems in the sole-metal form or in the isolated form due to the lack of direct electrical contact. In the photocatalytic systems that present direct electrical contact (e.g., in the embedded form and in the encapsulated form), the actual effect on charge carrier separation could vary significantly. Some previous studies reported an accumulation of electrons on the semiconductor part [38, 41, 44, 45, 50, 60, 118] , some observed the flowing of electrons to the metal nanoparticles [37, 42, 43, 54, [113] [114] [115] , others found it ineffective under certain conditions [60] and some even encountered a reduction of photocatalytic efficiency under UV irradiation [48, 167] .
The diversified observations reflect the complexity of the charge carrier separation in different photocatalytic systems. Simply speaking, this is no one-size-fits-all explanation. Many factors should be taken into account, such as the type of semiconductor (n-type or p-type), the irradiation state, the relative position of the semiconductor's Fermi level to the work function of the metal (or to the electrochemical potential level for the embedded form since the metal nanoparticle is exposed to the solution). Now we will discuss the effectiveness of charge carrier separation in different scenarios.
(A) Scenarios of charge carrier separation. Figure 28 exemplifies three scenarios when an n-type semiconductor has direct electrical contact with a metal nanoparticle. The three scenarios differ by the relationship between E f and E ref .
Here E f is the Fermi level of the semiconductor before contact and E ref is the potential level of the metal. It is noted that E ref is equal to the work function W of the metal if the metal is isolated from the surrounding solution (e.g., in the encapsulated form, see figure 19(c) ), or is equalized to the electrochemical potential level of the solution if the metal is directly exposed to the solution (e.g., in the embedded form, see figure 19(b) ).
As shown in figure 28(a) , if it has E f > E ref before the contact, a space-charge region would develop in close vicinity to the semiconductor/metal interface. As a result, the conduction band and the valence band pull down, causing an upwards bend of the band curves in the space-charge region. When only the semiconductor is irradiated to excite electronhole pairs (corresponding to the bandgap-excitation state as illustrated in figure 20(a) ), the photo-excited electrons in or close to the space-charge region are driven to the inner part of the semiconductor whereas the holes are expelled to the metal nanoparticles, causing the accumulation of electrons in the semiconductor part. This leads to an efficient separation of the photo-excited charge carriers, as indicated by the symbol '@'. If only the metal nanoparticle is excited to the LSPR (corresponding to the LSPR state as illustrated in figure 20(b) ), the photo-excited electrons can feed the conduction band of the semiconductor, as already elaborated on in figure 18(a) . This again results in an efficient transfer of the electrons to the semiconductor's conduction band.
Where E f < E ref before the contact, more electrons accumulate in the semiconductor region close to the metal interface and thus the bands bend downwards (see figure 28(b) ). In the bandgap-excitation state, the photoexcited electrons flow to the metal nanoparticle whereas the When only the semiconductor is irradiated, some of the photo-excited electrons still flow to the metal part because the metal surface has much higher density of electron states. When only the metal is irradiated, the photo-excited electrons feed to the semiconductor's conduction band but will flow back spontaneously, implying an inefficient separation of charge carriers.
holes move to the semiconductor. This yields an efficient separation of the charge carriers as well. The difference as compared to the above scenario is that the metal nanoparticle acts as a sink (or trap) of electrons. On the other hand, in the LSPR state the photo-excited electrons in metal nanoparticles can feed the conduction band of the semiconductor but will flow back automatically. As a result, no effect of charge carrier separation is obtained, as indicated by the symbol '×'.
In a special scenario where E f = E ref before contact (i.e. the flat-band condition, see figure 28(c) ), the bands do not bend upon the contact. In the bandgap-excitation state, most of the photo-excited electrons can still flow to the metal nanoparticle since the metal surface has a higher density of electron states than the semiconductor. As a result, the separation of charge carriers can still be obtained but may not be very efficient. On the contrary, in the LSPR state the photo-excited electrons in the metal nanoparticle cannot be fed efficiently to the semiconductor conduction band.
It is noted in the above discussions of the three scenarios, the LSPR-powered bandgap breaking effect is not included. Since the electron-hole pairs generated by the LSPR-powered bandgap breaking effect are no different from those generated by the bandgap-excitation state, the effectiveness of charge carrier separation do not change that much.
(B) Direct imaging of charge carrier separation. Charge carrier separation has been attributed to the photocatalytic enhancement in many studies [41, 45, 48, 50, 60, 114, 115] but that is mostly by logic reasoning (e.g., by a Fermi level shift [42, 43] or color change [54] ). Direct imaging would provide a sound proof. This was presented by Kazuma et al [168] . The method is illustrated in figure 29 . Ag nanorods were deposited on rutile TiO 2 (1 0 0) single crystals. The experiment was conducted at a relative humidity of 50% so that a thin layer of water was adsorbed. Under the irradiation of visible or near infrared light that corresponded to the LSPR of either the long or short axis of the nanorods, the electrons were transferred from the Ag nanorods to TiO 2 , resulting in the oxidation of some Ag atoms to Ag + ions, which were dissolved in the adsorbed water layer. The Ag + ions migrated in the adsorbed water layer and recombined with the electrons in TiO 2 , leading to redeposition of small Ag satellites around the mother nanorod (see figure 29(a) ). The Ag satellites were then read by an atomic force microscope. The experimental result showed that when the Ag nanorods were excited by the light polarized along its long axis, the Ag satellites appeared at two ends, corresponding to the hot spots of the enhanced local electric field (see figure 29(b) ); and when excited along the short axis, the Ag satellites came out on both sides of the Ag nanorods. A control experiment was conducted at a relative humidity of 0% and found no Ag satellites. This experiment provided strong evidence for the direct transfer and the separation of charge carriers.
Enhancements of other properties.
In addition to the above-mentioned enhancements in the major aspects of photocatalysis, plasmonic photocatalysis enjoys some other benefits such as higher light utilization efficiency, better temperature dependence and enhanced molecule adsorption.
(A) Enhanced light utilization efficiency. Plasmonic photocatalysis presents an enhanced utilization of light in at least two ways. One is the suppression of electron-hole recombination and the other is the efficient conversion of light energy into localized heat.
In a bulky semiconductor photocatalyst, the reaction rate is roughly proportional to half the order of light intensity. This is due to the recombination of the photo-excited electrons and holes. Stronger light generates more electrons and, at the same time, produces more holes. In the course of the electrons' diffusion from the bulk to the surface, the electrons have more chance of capture because of the increased amount of holes. The net result is a half-order dependence of the reaction rate on light intensity [3] . In contrast, in the plasmonic photocatalytic systems, the electrons and holes are generated near the surface of the semiconductor and have a short diffusion path to the surface and the enhanced charge carrier separation due to the presence of the space-charge layer further reduces the chance of recombination [14, 21] . As a result, the photocatalytic reaction rate could have a linear dependence on light intensity, significantly enhancing the light utilization efficiency under strong irradiation. In the recent study of Ingram and Linic, such a linear relationship between the photocurrent and the light intensity was observed using the Ag@PVP@TiO 2 system [30] . The results are shown in figure 30 . The Ag nanocubes were protected by an insulating layer of PVP before being mixed with N-doped TiO 2 for the photoelectrode for O 2 evolution (see figure 26(b) for the experimental setup). Under the irradiation of broadband visible light, I ∝ P 1.06 , where I is the photocurrent and P is the light intensity. In contrast, a pure N-doped TiO 2 exhibited I ∝ P 0.52 . A similar linear relationship was observed in the thermocatalytic reaction of ethylene oxidation, in which the transfer of the photoexcited electrons to O 2 was considered the rate-limiting factor [29] . Nishijima et al also observed the linear dependence of photocurrent on the light intensity at the wavelength of 450 nm, 650 nm and 1000 nm, respectively [95] .
The LSPR of the noble metal nanoparticles can convert light energy into thermal energy efficiently as already discussed. It is easy to imagine that the rate of thermal energy input is linearly dependent on light intensity. Considering the fact that thermal conduction and convection are faster at higher temperatures, the increase of local temperature should have a dependence on the light intensity lower than the first order. However, many chemical reactions go much faster at higher temperatures (following the exponential Arrhenius equation [169] ), and the actual dependence of the thermochemical reaction rate on light intensity could be lower than, equal to or higher than first-order. A dependence higher than the firstorder was observed in the experiment of HCHO oxidation using Au@ZrO 2 nanoparticles under sunlight irradiation [64] .
(B) Enhanced temperature dependence. Conventional semiconductor photocatalysis commonly encounters a reduction in reactivity with a rise in temperature [170] . This is due to the increase of charge carrier recombination at higher temperatures. In contrast, plasmonic photocatalysis enjoys a positive dependence of the reactive rate constant k on the temperature T following the Arrhenius equation,
where A is a prefactor, E a the activation energy and R the universal gas constant (8.314 J mol −1 K −1 ). Experimental study of the temperature dependence of plasmonic photocatalysis was presented by Nishijima et al [95] . An array of Au nanorods (dimensions 110 nm×240 nm× 40 nm, periods 200 and 300 nm) was patterned on an n-type TiO 2 single crystal. Under the irradiation of 650 nm, I -V curves were measured in the temperature range 10-60
• C. The results are shown in figure 31(a) . It shows clearly that the photocurrent increases as temperature rises. The Arrhenius plot under a constant working electrode potential 0.3 V versus SCE is shown in figure 31(b) . The wavelength of 650 nm corresponds to the excitation of the LSPR of the short axis of the Au nanorods, and 1000 nm to the long axis. A linear dependence was obtained and the activation energy was calculated to be E 0 = 12.2 kJ mol −1 . Such a positive temperature dependence is of benefit to the applications of plasmonic photocatalysiscooling/temperature control is not necessary and operation is simplified.
(C) Enhanced interaction with molecules. The presence of metal nanoparticles enhances the interaction with molecules and charged chemical groups in several ways. First, the metal itself may present strong catalytic activity in certain chemical reactions. For example, platinum has long been used as a catalyst for hydrogen dissociation and H 2 evolution in petroleum refining and fuel cells [171, 172] . Second, the metal nanoparticles provide a fast lane for the transfer of charge carriers to the chemical compounds adsorbed onto its surface, similarly to what occurs in surface-enhanced Raman scattering [16] and the fluorescence quenching of organic dyes that are anchored on to the surface of noble metal nanoparticles [36, 173, 174] . Third, the accumulation of charges on the metal nanoparticle and the semiconductor exerts Coloumbic forces to charged chemical groups, enhancing adsorption to surface sites (see the illustration in figure 32 ).
Another possible way of adsorption enhancement is associated with the dipole nature of the surface plasmon field. In the state of LSPR, the local electric field is a fast-varying dipole. Since many organic molecules are polar (e.g., alcohol, phenol, thiol, formaldehyde), they may be attracted to a metal surface by dipole-dipole interactions (see figure 32) . Nonpolar molecules could also be partially polarized and attracted too. Such dipole-dipole interactions assist the adsorption. Even for the already-adsorbed molecules, the local electric field can further polarize them. Some previous work proposed such a contribution to plasmonic enhancement [28] as inspired by the similar phenomenon in the surface-enhanced Raman scattering [162, 175, 176] .
Moreover, the oscillating local field could have a strong interaction with the polar molecules and activate them. This accumulates into the local heating effect to boost the reaction of the polar molecules with the adsorbed oxygen in close proximity. Such plasmonic-assisted oxidation was studied in [64] .
Adverse effects of metal nanoparticles
Although the metal nanoparticles could contribute to the photocatalytic efficiency through the many mechanisms discussed above, some adverse effects have also been spotted [48, 167, 177] .
A common problem is the shading effect, that is, the metal nanoparticles on the surface of the semiconductor reducing the light-receiving area of the semiconductor. The shading effect affects the photocatalytic systems that require irradiation of the semiconductor part (e.g., figures 20(a), (c) and (d)). It becomes more obvious as the metal loading increases. For this reason, many experiments observed the best photocatalytic activity at an optimal loading (typically a few per cent) [178, 179] .
Another problem is that the metal nanoparticles take up some surface area of the semiconductor and may even block the pores of the semiconductor. This leads to a reduction of the specific surface area of the semiconductor and thus affects adversely the photocatalytic activity. As an example, Zielińska-Jurek et al. Observed that the BET surface area was reduced from 100 m 2 g −1 for the rutile TiO 2 sample (particle size 15 nm) to about 55-77 m 2 g −1 and 44-49 m 2 g −1 when Au and Au/Ag were added, respectively [50] . From a physical origin, it can be seen that such a blocking problem affects only the photocatalytic systems in the embedded form.
One additional problem is that the metal nanoparticles could act as a recombination center. This is because the contact between the metal and the semiconductor could form surface states at the interface, which promotes charge trapping, recombination and Fermi level pinning [177, 180, 181] . These defect states are strongly dependent on the interface and difficult to predict but can lead to unexpected results.
The inclusion of noble metals limits the process temperature to a few hundred degrees, while high-temperature annealing of the mixture is often needed to increase the crystallization and thus the photoreactivity of the semiconductor [116, [182] [183] [184] . Some other problems are related to the stability of the metal/semiconductor mixture. The metal nanoparticles might undergo photo-corrosion and leaching, causing a gradual loss of the photocatalytic performance over time [61] . The migration of the Ag nanoparticles as illustrated in figure 29 is a good example [168] . Photocatalytic systems in the encapsulated form and in the isolated form can circumvent this problem, at the cost of losing the 'fast-lane' transfer of the charge carriers to the adsorbates. In the encapsulated form, the noble metal can still diffuse into the semiconductor and form metal doping, which has been found to act as recombination centers to lower photocatalytic efficiency [185] . In the isolated form, the insulator layer limits the overlap of the hot-spot region with the semiconductor and takes away the beneficial processes that stem from direct electrical contact, such as the charge separation by the Schottky junction and the direct electron transfer.
Material systems for plasmonic photocatalysis
The material system plays a crucial role in the performance of plasmonic photocatalysis. It generally refers to the types of noble metal and semiconductor photocatalyst and their structure (to include size, shape, crystallinity, porosity, contact form etc). In this section we will evaluate the material systems that have shown high performance in literature, in order to provide a guide to the useful material systems and to highlight their key features. With this, we hope the readers can appreciate the beauty and delicacy of the reported studies and are then inspired to create new material systems with superior photocatalytic performance.
For simplicity, we organize the material systems based on their contact forms as defined in section 4.2.1 and use the symbols as depicted in section 1.2. With respect to the types of photocatalysts, the review below will focus mainly on metal oxide semiconductors and silver halides. For the metal oxides, TiO 2 is most widely used; many others have been exploited too, such as N-doped TiO 2 [30] , Fe 2 O 3 [20] , CdS [26] and Bi 2 O 3 [186, 187] . Silver halides have slightly different functions from metal oxides in plasmonic photocatalysis. Silver halides can produce Ag nanoparticles by UV or visible light and they can balance oxidation of Ag atoms by liberating an electron to reduce Ag + back to Ag 0 .
Nanoparticles in sole-metal form
A noble metal nanoparticle itself is able to produce a photocatalytic effect. Based on the discussions in section 4, the LSPR of the noble metal nanoparticle may provide localized heating and energetic electrons. These are useful for thermoassisted reactions and photoreductions. It is noted that most of the reported studies were based on Au or Ag nanoparticles due to the creation of excellent plasmonic resonance in the visible and UV ranges [28, 29, 53, 64] . In fact, other noble metals (e.g., Pt, Pd) should exhibit a similar photocatalytic performance [25, 188] .
5.1.1.
Pure Au nanoparticles. Chen and co-workers studied Au nanoparticles on different insulating oxide particles (e.g., ZrO 2 , SiO 2 ) for the thermal oxidation of VOCs [64] . It was found that Au nanoparticles on ZrO 2 exhibited excellent photocatalytic activity to degrade polar VOCs (e.g., formaldehyde and methanol) under blue, red and sun light, but had little effect on nonpolar molecules like cyclohexane. The ZrO 2 support exhibited better performance than the SiO 2 support, due to the difference in adsorption capability of oxygen (ZrO 2 is higher than SiO 2 ). The bandgaps of ZrO 2 and SiO 2 are 5.0 eV and 9.0 eV, respectively and do not absorb visible light efficiently. Therefore, the photocatalytic activity was attributed to the local heating effect and the thermal oxidation. The LSPR absorption was estimated to heat up the Au nanoparticles at a rate of 3-5
• C s −1 and could reach 100
• C, at which the VOC oxidation was significantly fast. In addition, the oscillating LSPR local field interacted with the polar molecules and activated them, which then reacted more efficiently with the adsorbed oxygen in close proximity. These factors explain well the observed phenomena such as the fast degradation of polar molecules and the slow degradation of nonpolar molecules by the Au nanoparticles on ZrO 2 .
Pure Ag nanoparticles.
A good example of the thermo-assisted reactions using pure Ag nanoparticles was reported by Christopher et al, which shows that the concurrent utilization of thermal energy and low-intensity photon flux (of the order of solar intensity) is able to drive catalytic oxidation reactions at significantly lower temperatures than that in conventional thermal processes [29] . More details have been presented discussing the localized heating effect in section 4.1.3.
Photoreduction is important for reducing graphene oxide (GO) to graphene or reduced graphene oxide (rGO). In a recent study, Wu et al demonstrated such photocatalytic reduction using Ag nanoparticles under visible light [53] . The schematic diagram is shown in figure 33 . An electron donor (ED) was used to assist the reduction. The reduction mechanism was merely the LSPR sensitization effect (see figure 18 ). More specifically, the Ag nanoparticles generated an intense and oscillating local electric field due to the LSPR effect and excited metallic 'electrons' and 'holes'. Then, these photoexcited electrons were injected into the conduction band of GO, leading to the reduction of GO as well as the oxidation of Ag nanoparticles. At the same time, the ED in the solution depleted the holes in Ag nanoparticles and reduced them back to metallic Ag. Compared with conventional chemical reduction, the photoreduction of GO is 'green' and easy to control via the irradiation of UV or visible light.
Ag@C is a special type of the sole-metal form. It has a core@shell structure, with the Ag nanoparticle as the core and amorphous carbon as the shell. Amorphous carbon is nonphotocatalytic but conductive. It shields the Ag nanoparticle from the surrounding solution but maintains the electrical conduction. For this reason, the Ag nanoparticles are prevented from oxidation but the photo-excited electrons and holes can move out freely. Another merit is that amorphous carbon possesses a smaller dielectric constant than that of the oxides [41, [189] [190] [191] [192] , and can generate enormous electromagnetic field enhancement in the near field region induced by light illumination. Previous studies have proved the feasibility of amorphous carbon as a basis material for photocatalysis [193, 194] . For instance, Sun et al reported an Ag@C nanocomposite for the plasmonic photocatalyst [28] . Figure 34 shows the TEM micrographs and the measured photoactivity. The Ag nanoparticles had diameters in the range 70-100 nm and were covered with carbon (about 25 nm thick). The Ag@C nanocomposite had a broad absorption band at around 630 nm as a result of the LSPR effect of the Ag cores. The experiments showed that the Ag@C nanocomposite exhibited high photocatalytic activity in the decomposition of aqueous rhodamine B (RhB) and gaseous acetaldehyde (CH 3 CHO) under visible-light illumination. From figure 34(c) , it is seen that the decomposition rate of gaseous CH 3 CHO in Ag@C is 3 times faster than that of N-doped TiO 2 after a duration of 65 min. Similarly, the decomposition rate of aqueous RhB via Ag@C is more pronounced, it is 6 times faster than that of via N-doped TiO 2 in 60 min. The high photocatalytic activity was mainly ascribed to the LSPR effect of the Ag@C nanocomposite, which could not only induce a thermal photocatalytic effect but also increase the absorption and oxidability of the polar contaminant.
Nanocomposites in embedded form
Noble metal nanoparticles in many studies are attached to the surface of semiconductor photocatalysts or are partially embedded in. Therefore, they have direct electrical contacts with both the photocatalyst and the surrounding solution (or air). The semiconductor photocatalysts have basically two shapes-particle and thin film (other nanostructured shapes like nanowires, nanobelts, nanopores and hollow nanotubes are available but not widely used). They generally result from different fabrication processes and have different strengths in photocatalysis. For instance, the photocatalyst in particle form (i.e. TiO 2 powder) is usually made by wet chemical depositions (or photoreduction) and has a large specific surface area, making it ideal for photocatalytic degradation of organic contaminants in solutions and gases. In contrast, the photocatalyst in the thin film form is made mostly by thin film processes (e.g., sputtering, sol-gel) and provides fast charge carrier transport, making it suitable for water splitting and photovoltaic devices. The shape of the semiconductor photocatalysts is an important concern and is thus included in the discussion here.
Au/TiO
2 and Au-TiO 2 . Au/TiO 2 and Au-TiO 2 represent Au nanoparticles sitting on the surface of TiO 2 powders and on the TiO 2 thick films, respectively. These forms benefit from almost all of the mechanisms that have been discussed in section 4. In addition, Au is physically and chemically stable. These make Au/TiO 2 and Au-TiO 2 almost ideal for plasmonic photocatalysis and have attracted extensive studies [35, 41, 61, 69, 114, 122, 123, [195] [196] [197] For Au/TiO 2 , a good example was presented by Kowalska et al, who studied the visible-light photocatalytic oxidation of acetic acid and 2-propanol using photodeposited Au nanoparticles on 15 commercial TiO 2 powder samples [123] . Figure 35 shows the micrographs of different Au/TiO 2 samples. The experimental data shows that the activity is strongly dependent on certain properties of Au and TiO 2 such as particle size and shape, surface area and crystalline form, and the LSPR absorption peak from Au nanoparticles matches well with the maximum wavelength region of the action spectrum (see figure 23 ). This is clear evidence that LSPR absorption is the dominant contributor to the visible light photoactivity of TiO 2 . Many other studies also found superior photocatalytic performance using Au/TiO 2 nanocomposites [35, 114] .
For Au-TiO 2 , Liu et al prepared TiO 2 film in the anatase crystalline phase by electrochemically oxidizing titanium foil and then evaporating 5 nm Au film to form island-like Au nanoparticles [48] . The SEM image is shown in figure 36(a) . In the experiment of photocatalytic water splitting under visible light, the sample exhibited drastically enhanced photocurrent as compared to the sample with no addition of Au. Particularly, at 633 nm irradiation, the photocurrent was enhanced 66 times (see figure 36(b) ). The same sample also showed enhanced photocatalytic decomposition of methyl orange under visible light [167] . Such plasmonic enhancement of the photocatalytic efficiency has been observed elsewhere [38, 41, 44, 49, 95, 118] . [2, 198] . This is a valuable benefit of using Ag nanoparticles without an isolation layer.
Ag/TiO
A few studies have found that Ag/TiO 2 (i.e. Ag nanoparticles on TiO 2 particles) is effective in decomposing dyes in solution [199, 200] , removing VOCs in gas phase [50, 201] and inhibiting the growth of microorganisms [198, 202] . For instance, Xiang et al prepared hollow TiO 2 spheres (∼500 nm in diameter) coated with Ag nanoparticles (size ∼10 nm) using the hydrothermal and photoreduction method [199] and showed that the Ag/TiO 2 nanocomposites showed high photocatalytic activity in decomposing Rhodamine B, which exceeded that of P25 by a factor of more than 2. In another work by Zielińska et al, Ag nanoparticles of the size of 5-10 nm were deposited on the surface of the commercial Degussa P25 TiO 2 particles by the microemulsion method [202] . An STEM image of the prepared Ag/TiO 2 nanocomposites is shown in figure 37 . Samples with different Ag contents were tested for decomposing phenol under UV light and found a significant increase of photocatalytic efficiency as compared to the pure TiO 2 sample. Antimicrobial activity was also tested to show that the Ag/TiO 2 samples with 6.5 mol% were most effective at inhibiting the growth of tested bacteria, yeast and fungi.
For Ag-TiO 2 (i.e. Ag nanoparticles on TiO 2 film), a few studies reported similar enhanced photocatalytic and antimicrobial activities [179, 203, 204] . In Guillén-Santiago's work, Ag nanoparticles (90 and 200 nm) were deposited on TiO 2 thin films and enhanced the degradation of methylene blue under UV light [204] . Excellent antimicrobial activity was reported by Liu et al, who prepared mesoporous TiO 2 film using spin coating and heating and then deposited Ag nanoparticles by reducing Ag ions from AgNO 3 [203] . The bactericidal activities of the samples were investigated by the inactivation of E. coli at various conditions. The E. coli were investigated by FE-SEM before and after damage, as shown in figure 38 . The intact E. coli in figure 38 (a) present a welldefined cell wall. After damage, the outer membrane of the cell is destroyed as marked by the circles in figure 38(b) . More experiments confirmed that the Ag-TiO 2 nanocomposites had higher antimicrobial activity than P25 TiO 2 films. 2 , Pt/Bi 2 O 3 and P t/W O 3 . As compared to Ag and Au, Pt has an intrinsic catalytic effect on certain reactions, e.g., hydrogen dissociation and H 2 evolution [171, 172] . In addition, the Pt surface can adsorb a high concentration of hydroxyl groups, which are able to effectively scavenge center to accelerate the discharge of photogenerated electrons from TiO 2 , and thus the lifetime of electron-hole pairs could be increased [115] . These bases account for the enhanced photocatalytic efficiency using Pt-loaded TiO 2 to decompose organic contaminants in solution and in air using UV light [172, [206] [207] [208] [209] [210] [211] [212] [213] . It is noted that in most cases the UV light excites the TiO 2 particles (or films) and the Pt nanoparticles are not in the LSPR state. A good review covering Pt-loaded TiO 2 for environmental applications can be found in [214] .
Pt/TiO
Unlike Au or Ag, platinum usually shows no plasmonic activity. However, recent literature has demonstrated that Pt nanoparticles can be resonant through surface plasmon by choosing an appropriate excitation wavelength [25, 215, 216] . With this discovery, plasmonic photocatalysis using Pt nanoparticles has begun. Kowalska et al showed that P25 TiO 2 powders doped with Pt(II) or Pt clusters resulted in an enhanced activity under visible light [52] . In a recent study by Zhang, TiO 2 particles surface-modified with Pt nanoparticles have shown considerable photodegradation of rhodamine B under visible light [205] . Experimental proofs were provided to attribute the visible-light photocatalytic activity to the LSPR absorption, the electron trapping and the adsorbed hydroxyl groups of the Pt nanoparticles.
In addition to TiO 2 , other semiconductor oxides loaded with Pt nanoparticles have also been investigated. For instance, Abe et al demonstrated that Pt/WO 3 had high photocatalytic activity for the decomposition of organic compounds both in liquid and gas phases; the activity was almost comparable to that of TiO 2 under UV light and much higher than that of N-doped TiO 2 under visible irradiation [217] . Li 
Ag/AgCl
, Ag/AgBr and Ag/AgI. Silver halides (AgX, where X is Cl, Br or I) are photosensitive materials widely used, for example in photographic films. After absorbing a photon, an AgX particle can generate an electron-hole pair, and subsequently the photoexcited electron combines with an Ag + ion to form an Ag 0 atom. Ultimately, there will be a cluster of Ag 0 atoms formed around the AgX particle upon repeated absorption of photons. Due to this instability under sunlight, AgX is seldom used as a photocatalyst. Nevertheless, recent studies have found that Ag/AgX exhibits high photoactivity and photostability under visible light [9] . Among different Ag/AgX systems, Ag/AgCl has attracted much attention [40, 47, 55, [218] [219] [220] , Ag/AgBr prevails recently because of its better performance [11, 12, 46, 221] and AgI is less popular due to the weak oxidation power of iodine [96] .
Wang et al found that Ag/AgCl could degrade methylic orange quickly; faster than N-doped TiO 2 by a factor of 8 [40] . And the sample remained at almost the same photoactivity after a repeating the experiment 10 times. Similar observations of high photoactivity and good photostability were obtained in other studies [219, 220] .
For Ag/AgBr, Kakuta et al observed that Ag 0 species were formed on AgBr in the early stage of the reaction and AgBr was not destroyed under successive UV illumination [221] . H 2 production was obtained from the CH 3 OH/H 2 O solution and they attributed it to the separation of photo-excited electrons and holes in the presence of Ag 0 . In another recent study, Jiang et al found that Ag/AgBr degraded pentachlorophenol and methyl orange much faster than Ag/AgCl under the illumination of an indoor artificial daylight [12] . They attributed the high photoactivity to several factors: the dualexcitation of the Ag nanoparticles and AgBr by the daylight, the Schottky junction for electron-hole separation, the injection of LSPR-excited electrons in the Ag nanoparticles to the AgBr conduction band (i.e. the LSPR sensitization effect) and the generation of more electron-hole pairs by the LSPR-induced intense local electric field (i.e. the LSPR-powered bandgap breaking effect). This performance interpretation corresponds well with the mechanisms developed in section 4.
For Ag/AgI, Hu et al prepared Ag/AgI on an insulating support of mesoporous alumina (Al 2 O 3 ) and observed high and stable photocatalytic activity for the degradation and mineralization of persistent toxic organic pollutants [96] . In another study, Huang et al compared the photocatalytic abilities of Ag/AgX (X = Cl, Br, I) by monitoring the decomposition of methylic orange [222] . It was found that the photoactivity of Ag/AgX decreased in the order of Ag/AgCl >Ag/AgBr > Ag/AgI. This trend suggests that photoactivity follows the oxidation power of X 0 (i.e. Cl 0 > Br 0 > I 0 ). However this is in contrast with the finding that Ag/AgBr > Ag/AgCl in other work of the same group [12, 46] , which may be due to the differences in material preparation and testing conditions.
5.2.5.
Ag [39] .
Catalytic activity was maintained effectively after successive cyclic experiments under UV or visible light irradiation without the destruction of AgBr. The results indicate that AgBr is the main photoactive species for the destruction of azodyes and bacteria under visible light.
For Ag/AgI/TiO 2 , Wang et al prepared Ag/AgI nanoparticles on acid-etched TiO 2 nanobelts by the depositionprecipitation method [99] . The Ag nanoparticles were formed from AgI by photo-reduction under xenon lamp irradiation. The obtained sample exhibited strong photodegradation of methyl orange under visible light irradiation, which was attributed to both the LSPR of Ag nanoparticles and the visible light-activated AgI. After four cycles of photodegradation the photocatalyst was still stable.
Nanocomposites in encapsulation form
In the encapsulation form, the noble metal nanoparticles are fully buried into the semiconductor photocatalyst (refer to figure 19(c) ). They have full contact with the semiconductor part in all the surface regions and enjoy a large Schottky junction and fast charge carrier transfer as compared to those in the embedded form. Moreover, the noble metal nanoparticles are strongly held inside the semiconductor layer and are less prone to aggregation, dissolution and detachment. These are beneficial in obtaining uniform dispersion of the nanoparticles in the semiconductor and to ensure long-term stable photocatalytic activity. However, the noble metal nanoparticles have no exposure to the surrounding environment (as do organic molecules in the solution) and do not participate directly in redox reactions. The noble metal nanoparticle can still trap electrons or holes, but will saturate after it accumulates a sufficient amount of charge carriers. The accumulated charges have no way to escape except slow diffusion across the Schottky junction [117] .
Most commonly the semiconductor photocatalyst is in the shape of thin film or particle. The former works efficiently to produce photocurrent [21] . The latter corresponds to a core@shell structure, with the noble metal nanoparticle as the core and the semiconductor as the shell. A good review on metal@semiconductor core@shell photocatalytic nanocomposites can found in [13] , which discusses the advantages and applications for photocatalytic nonselective processes, selective organic transformation and water splitting. This section will focus mainly on the thin film type. [21] . Figure 39 shows the 3D diagram, the SEM of the cross-section and the action spectra. The 2D array of gold nanoparticles were prepared by evaporating an Au film on a quartz or SiO 2 /ITO substrate and then rapid thermal annealing to convert the Au film to arrayed nanoparticles (diameter 14 ± 5 nm, interparticle distance 15 ± 7 nm). Subsequently, a 200 nm layer of TiO 2 was deposited on the substrate. For multi-stack structures, the above deposition procedures were repeated sequentially. In this way, the Au nanoparticles were fully buried in the TiO 2 film. In the experiment irradiated with red light (600 nm), the Au(TiO 2 nanocomposite yielded a photocurrent >800 times of that by the pure TiO 2 film. In the action spectra of figure 39 , the photocurrent spectra (solid dots) closely resemble the UV-vis absorption spectrum (solid line), showing that the enhanced photocurrent is due to the LSPR absorption of the Au nanoparticles. The authors attributed the enhancement to the 'quantum tunneling' effect, which is equivalent to the LSPR sensitization effect described in section 4.1.1.
5.3.2.
Ag(TiO 2 . Similarly, Ag(TiO 2 represents Ag nanoparticles fully encapsulated by the TiO 2 thin film. In fact, Ag nanoparticles dispersed into the TiO 2 matrix possess a unique property of photochromism, i.e. a reversible change of color after the irradiation of light [54, 117, 119] . Although the application is different from photocatalysis, the photochromism shares most of the features of plasmonic photocatalysis such as the LSPR absorption and the charge carrier transfer.
Okumu et al prepared Ag nanoparticles in a TiO 2 matrix by sputtering a TiO 2 layer (∼60 nm thick), an Ag film (6-15 nm thick) and another TiO 2 film in sequence [117] . After heating and annealing, Ag nanoparticles with a variety of sizes and shapes were formed in the TiO 2 matrix (see figure 40(a) ). Due to the LSPR effect of Ag nanoparticles, optical absorption was in the visible range. Figure 40(b) shows the change of optical absorption of the 633 nm red light when the film is irradiated. It is seen that the absorption goes down after red light irradiation, jumps back after UV irradiation and decreases again after a subsequent red irradiation. As the reflection defines the perception of colour by the human eye, the change of absorption renders different visual colors to the Ag(TiO 2 film. Such photochromism can be attributed to the LSPR sensitization effect and electron transfer. When the film is irradiated by the red light, the LSPR of Ag nanoparticles excites electrons and injects them to the conduction band of TiO 2 . The electrons are then trapped by the adsorbed molecular oxygen on the TiO 2 surface. The depletion of electrons in the Ag nanoparticles results in a decrease of the absorption to red light. After turning-off the red light, the electrons can be released slowly from the oxygen and come back to the Ag nanoparticles, causing a slow restoration of the original color of Ag(TiO 2 film. If a UV light is shone, the interband transition of TiO 2 quickly generates excited electrons, which refills the electrons back to the Ag nanoparticles, leading to a rapid restoration of the color. This restoration process by UV is a good example of the bandgap-excitation state as describe 
Nanocomposites in isolation form
There are generally two types of core@shell structures: M@S and M@Ins@S. M@S consists of a metal core and a semiconductor shell, and M@Ins@S has an insulating (electrically non-conductive) layer sandwiched between the metal core and the semiconductor shell. In our classification, the M@S type is ascribed to the encapsulation form and the M@Ins@S type is assigned to the isolation form (see section 4.2.1).
In the M@Ins@S type, the insulating layer plays several important roles. First, it cuts off any direct electrical contact between the noble metal core and the semiconductor shell and therefore the associated mechanisms (such as the Schottky junction, electron transfer and the LSPR sensitization effect) are no longer effective. Second, it prevents the noble metal core from oxidising, which is very useful for Ag nanoparticles. Third, it provides an additional protection layer to further reduce the chance of dissolution and agglomeration of the noble metal, which significantly benefits the photostability and the long-term photoactivity. Fourth, the noble metal nanoparticles may affect the crystallization of the semiconductor part in the preparation of the material (e.g., Ag is found to reduce the crystallinity of TiO 2 [66] ). The use of an insulating layer avoids this kind of problem. Lastly, the layer thickness can be varied to study the detailed mechanisms and the parametric dependence of plasmonic photocatalysis [26, 69] .
There [20] . The purpose of coating Au with SiO 2 is to exclude the possible contribution of the catalytic effect of Au in the electrolyte. Two configurations were adopted as shown in the insets of figures 27(a) and (c). In one, Au@SiO 2 nanoparticles were placed on top of a thin layer of Fe 2 O 3 , which in turn sat on a glass slide via a TCO layer. In the other, Au@SiO 2 nanoparticles were encapsulated in the Fe 2 O 3 layer. A more than ten times enhancement in the photocurrent was obtained in both configurations. More details have been presented in section 4.3.3.
5.4.2.
Ag@SiO 2 @TiO 2 . Ag nanoparticles are likely to be oxidized by losing an electron Ag-e − → Ag + , as the use of an insulating layer is very attractive to ensure the photostability and durability of the Ag nanoparticle. For this reason, Ag nanoparticles in the isolation form have recently attracted increasing interest.
A prominent work was reported by Awazu et al [10] . The Ag nanoparticles were sputter-coated with an SiO 2 layer and were then covered by a TiO 2 layer. The SiO 2 coating had a thickness in the range 5-100 nm in order to study its influence. The cross-sectional TEM and the photocatalytic degradation of MB under near UV light are shown figure 26(c). An enhancement factor of 7 times was obtained using the 5 nm SiO 2 layer, and a thicker SiO 2 layer caused a reduction in reaction rate. Kumar et al used ALD to finely control the SiO 2 thickness from 2 to 20 nm and found a similar thickness dependence [69] . Linic's group recently presented a series of research using a non-conducting organic stabilizer, PVP, to cover the Ag nanoparticles. The Ag@PVP nanoparticles were then loaded onto TiO 2 or N-doped TiO 2 particles [14, [29] [30] [31] . Applications such as MB decomposition, water splitting and thermal oxidation were tested, all exhibiting enhanced photocatalytic efficiency. In-depth studies on the physical mechanisms of plasmonic photocatalysis contribute substantially to our study in section 3.
Conclusions and outlook
We have reviewed the physical mechanisms and material systems of plasmonic photocatalysis. Although still in its infancy, plasmonic photocatalysis has already demonstrated its amazing capability to tackle two fundamental problems of current photocatalysis-low photocatalytic efficiency and low response to sunlight.
Significant enhancement of photocatalytic efficiency, typically up to ten times larger, has been routinely obtained. Materials strongly responsive to visible-light have now made available by tailoring the size and shape of noble metal particles and by specific design of the material structure and composition.
There is still plenty of room for further physical, material and applied studies of plasmonic photocatalysis. In our opinion, several directions are worth further pursuing. First, the physical study of plasmonic photocatalysis requires more effort, as it is really quite complicated and the reported studies are quite scattered. A unified, widely accepted, allin-one theoretical scheme remains to be found. This review attempts to move toward this direction and to rationalize major experimental observations. However, in many aspects it is oversimplified, for example, in dealing with the charge carrier generation and the electron transfer. Fortunately, many previous studies have identified the contributions of different mechanisms in plasmonic photocatalysis and more research efforts have continued the investigation [14, 20, 28-31, 38, 41, 48, 51, 52, 56, 57, 65, 69] . The theory of plasmonic photocatalysis is like an unsolved jigsaw puzzle. Bit by bit, the research community has been uncovering more and more parts of the jigsaw and a full view is hoped for.
Secondly, new plasmonic photocatalyst materials with better performance and lower cost are still at the top of the 'wanted' list. In the long run, the material cost will be a limiting factor even if the noble metal-based plasmonic photocatalysis achieves high efficiency and stability under sunlight irradiation. Noble metals are by whatever means expensive and rare, and photo-corrosion could cause a gradual release of the noble metal nanoparticles into the solution, which is undesirable in water purification. Other metals that are relatively cheap and abundant such as Al and Cu may be useful. Plasmon resonance of these metals has been experimentally observed in the UV and visible regions [223, 224] but their uses for photocatalysis are yet to be demonstrated.
Other attractive materials might be carbon-based nanomaterials such as graphene, graphene oxide and carbon quantum dots [53, 112, [225] [226] [227] [228] . Graphite, the raw material, is abundant and cheap.
They are highly conductive and maintain the Schottky junction feature of plasmonic photocatalysis. Achieving LSPR using these nanoparticles is delicate but possible [229] . These carbon materials bear some other benefits: They are generally considered nontoxic and photo-leaching of a trace amount of them into water may be acceptable. Their absorption and resonance peaks could be tailored to infrared wavelength, promising better utilization of sunlight. Diffusion of carbon atoms into the semiconductor photocatalyst during the material's preparation (e.g., thermal treatment) induces a doping of carbon (e.g., C-doped TiO 2 ), which could also improve the visible response. Moreover, the surface of these carbon materials can be functionalized for better adsorption of the targeted chemical groups. Although photocatalysis using graphene and graphene oxide has recently attracted intensive research, they have been used mostly to trap the electrons, to enlarge the reaction surface and to adsorb desired molecules [225] [226] [227] [228] . The plasmonic effect of these carbon materials is worth further exploration for photocatalysis. It will be very exciting to see more work into carbon-based plasmonic photocatalysis in addition that already made with noble metals.
Thirdly, new reactors designed specifically for plasmonic photocatalysis may need more attention. Up to now, the reactors for plasmonic photocatalysis mostly replicate conventional designs (typically slurry reactors and immobilized film reactors) [230] . Special properties of surface plasmon resonance have not been well-utilized in the design of reactors. An enlightening work was presented by Tsai's group using a spinning optical disk [8, [231] [232] [233] . On readily available CD/DVD disks, Ag plasmonic nanostructures were written by the laser pickup head of optical disk drive. This enables high-speed, low-cost, large-area fabrication with control over every Ag nanostructure [234, 235] . Other innovative reactor designs may be conceived, for instance, by using evanescent wave coupling for more efficient delivery of photons, which could use optical fibers or optofluidic waveguides for light guiding [7, 182, 183] .
Lastly, it should be valuable to extend the wavelength response region to near infrared (IR) using plasmonic photocatalysis. Most of the available studies focus on near UV and visible light. However, solar light contains a large ratio of energy in the near IR. Some studies have already demonstrated the IR response (up to 1300 nm) using noble metal nanoparticles but the efficiency is low [95] . Specific studies on high-performance LSPR-enabled IR photocatalysis would consummate the response spectrum.
We have to admit the above suggestions are speculative. The research frontier of plasmonic photocatalysis is moving forward so rapidly that it is hard to predict. Nevertheless, it is reasonable to expect plasmonic photocatalysis will play ever more important roles in environmental remedy, air cleaning, water splitting, CO 2 
Appendix.
A.1. Revisit of the proposed major processes of plasmonic enhancement in the literature
In the literature of plasmonic photocatalysis, four major processes have been proposed [14, 28-31, 38, 41, 48, 51, 52, 56, 57, 69] : (i) direct transfer of charge carriers from the metal nanoparticles to the semiconductor; (ii) indirect transfer of charge carriers between the metal nanoparticles and the semiconductor mediated by the LSPR; (iii) localized heating and (iv) radiative transfer of photons from the metal nanoparticles to the semiconductor, and the absorption of photons by the semiconductor to generate electron-hole pairs [31] . As already mentioned, the origins and the roles of these processes have aroused hot debates. However, they can be compromised by the above discussions on the decay pathways of the LSPR. The process (i) is the LSPR sensitization effect; the process (ii) belongs to the LSPRpowered bandgap breaking effect; the process (iii) is attributed to the electron-phonon relaxation and the subsequent phononphonon relaxation; and the process (iv) is the radiative decay (i.e. the Mie scattering) of LSPR.
A.2. Examination of physical explanations in the literature
Based on our classification of the photocatalytic systems and the above studies on the processes, we are able to examine many of the experimental observations in the literature and to resolve some ambiguity, incompleteness and contradiction in the proposed explanations.
Ingram and Linic compared the photocurrent and oxygen evolution using PVP-coated Au and Ag nanocubes, both were in the isolation form surrounded by N-doped TiO 2 (denoted as N-TiO 2 for easy notation) and had almost the same dimensions [30] . It was found that the Ag@PVP@N-TiO 2 showed much higher photocurrent and oxygen evolution rate as compared to pure the N-TiO 2 sample (by a factor of ∼10), whereas the Au@PVP@N-TiO 2 saw little enhancement (see figure 26(d) ). The simulation showed that the scattering of the Ag nanocubes as compared to that of the Au nanocubes contributed to no more than 25% of the 10× enhancement. These led the authors to conclude that the 'radiative process' was a major factor. From the name of the term, it seems to point to the radiative transfer. However, the radiative process means 'increasing the overall concentration of charge carriers in the semiconductor' [31] . Using our definitions of terms, such a 'radiative process' is actually the LSPR-powered bandgap breaking effect by the electron-electron relaxation, not the radiative transfer through photons. The performance difference of Ag and Au nanocubes can be explained as well. Both Ag@PVP@N-TiO 2 and Au@PVP@N-TiO 2 belong to the isolation form of the photocatalytic systems, therefore no direct electrical transfer is presented. With regard to the irradiation state, Ag@PVP@N-TiO 2 is in the dual-excitation state whereas Au@PVP@N-TiO 2 in the separate-excitation state. This is because the plasmonic band of Ag nanocubes in the range 360-450 nm overlaps with the absorption band of the N-doped TiO 2 (<500 nm), whereas that of Au nanocubes (>500 nm) does not. In the electron-electron relaxation, the surface plasmon of Ag has an energy high enough to generate an electron-hole pair in the N-TiO 2 . In contrast, the energy of Au surface plasmon is not large enough. As a result, the LSPR-powered bandgap breaking effect works efficiently in Ag@PVP@TiO 2 but not in Au@PVP@TiO 2 .
In a recent work of Kumar et al [65] , the photocatalytic enhancement of Ag@SiO 2 @TiO 2 by using the ALD to control the thickness of SiO 2 . UV light (365 nm) was used as the irradiation source. The system is in the isolation form operated in the dual-excitation state. The direct transfer of charge carriers and the localized heating effect were ruled out because the isolation layer and the large size of the nanoparticles (∼60-150 nm). Two major effects were instead proposed: 'LSPR-mediated near-field enhancement' and 'LSPR-mediated Rayleigh scattering effects'. The former is equivalent to the LSPR-powered bandgap breaking effect in the semiconductor. The latter was proposed to account for the enhancement when the SiO 2 layer (∼20 nm) was thicker than the 'hot-spot' region of the single Ag nanoparticles. It is equivalent to the enhanced optical scattering as discussed in section 4.3.1. However, the enhancement due to the scattering is typically <25% [26] , which cannot be responsible for the ∼2.5× enhancement (read from figure 5(d) of [65] ). An additional effect that was not considered may be the LSPRpowered bandgap breaking effect due to the coupling of Ag nanoparticles. This is very possible as the interspacing in the sample was <15 nm [65] .
The inefficiency of Au nanoparticles in the isolation form in Ingram and Linic's work is not due to the metal itself. As already mentioned, it is because of its operation in the separate-excitation state. Therefore, the Au nanoparticles in the isolation form can still achieve a plasmonic enhancement if it is operated in the dual-excitation state. The work of Thomann et al is a good demonstration of this strategy [20] . As shown in figure 27, Au@SiO 2 @Fe 2 O 3 was used to obtain significant enhancement under visible light, by tailoring the Au nanoparticles to overlap its plasmon band with the absorption of Fe 2 O 3 .
